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CHAPTER I. 

SIMPLE TESTING. 



c/- In order to be able to make measurements of any kind it is 
necessary to have certain standard units with which to make 
comparisons. For example, in the case of length, or weight, we 
have as standards the yard and the pound. Some of the units 
are dependent upon two of the other units; the unit of " work," 
for example,' is the foot-pound, or the work done in raising a 
pound 1 foot high. Now in electrical measurements we require 
units of a like character. Those with which we have to deal 
chiefly are electromotive force, the unit of which is called the volt ; 
resistance, the unit of which is the ohm ; 
also we have the unit of current, which Fig. 1. 

is dependent upon the two foregoing 
units, and which is called the weber. 

If the two poles of a battery be 
joined by a conductor a current will 
flow, and the strength of this current 
will vary directly as the electromotive 
force of the battery, and inversely as 
the toted resistance in the circuit. This 
relation is known as Ohm's law. If the 
electromotive force is expressed in 
volts and the resistance in ohms, then, 
the resulting current will be in webers. 

Suppose now a battery of a resistance r and electromotive 
force E, a galvanometer of a resistance G, aud su^yc^ oi ^t^ 
sistance B, he ** joined up " in circuit, as BbLO^"Xi\>^ "SV^* "V- "^1 
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the foregoing law, the strength of current C, which will flow 
out of the battery and through the galvanometer, will be 



E + r+G 

The current, in flowing through the galvanometer, produces 
a deflection of its needle, which deflection will remain constant 
provided the electromotive force of the battery and also the 
resistances remain constant. If now R be a wire whose re- 
sistance we require to find, and which we can replace by 
another wire the value of whose resistance can be varied at 
pleasure, then by adjusting this latter so that the deflection of 
the galvanometer needle becomes the same as it was before the 
change of resistances was made, this resistance gives the value 
of our unknown resistance E. 

This test, although exceedingly simple, is a very good and 
accurate one if a little ordinary care be taken in making it. 
Its correctness is only limited by the sensibility of the gal- 
vanometer to small changes of strength in the current aflfecting 
it, and by the accuracy with which the variable resistance can 
be adjusted. 

Next, suppose the galvanometer to have its scale so graduated 
that the number of divisions on it will, by the deflection of the 
needle, accurately represent the comparative strength (C) of 
current^ which may pass through it. Let the battery, gal- 
vianometer, and resistance be joined up as at first, then, as 
before. 

Now remove R, and insert any other known resistance p, in 
its place. Calling the new strength of current Ci, then 

C, = . f . p ; or,E = C,0> + r + G). 

But we have seen that E = C (R + r + G), therefore 

C(R + r + G) = Ci(p + r+G), 



or 



that is 



B = ^(p + r-^G)-{r-{.G). [1] 



^* 
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Now, as we have supposed the deflections of the galyanometer 
needle ta be directly proportional to the strengths of current 
which produce them, we may, instead of and Ci, write in oultf 
formulae the deflections of the galvanometer needle which those 
strengths produce. Calling, then, a the deflection obtained 
with the strength C, and ai that with the strength d, our 
formula [1] becomes 

E = j0' + r+G)-(r + G). [2] 

In order to find E, it is necessary to know G, which is usually 
marked on the galvanometer by the manufacturer, r also 
must be known; but as it is difficult to determine its value 
accurately, it is best to use a battery whose resistance is very 
small in comparison with the other resistances in the circuit, 
and which may consequently be neglected, we may therefore 
write our formula 

B = ^(p+G)-G. [3] 

a 

Having then obtaiBed a with E and a^ with /d, we can find the 
value of E. 

For example. 

With a galvanometer whose resistance was 100 ohms, and a 
battery whose resistance could be neglected, we obtained with 
a resistance E a deflection (a) of 20 divisions, and with a re- 
sistance (p) of 200 ohms a deflection (aj of 30 divisions. What 
was the unknown resistance E ? 

SO 
E = ^ (200 + 100) - 100 = 350 ohms. 

Next, suppose it is required to find the resistance of a gal- 
vanometer. 

From equation [3], by multiplying up, we find that 

Ea = paj-f-Gai — Go, 
by arranging the quantities 

Goi — Ga = Ea — pttj. 



or 

6r (iij — a) = E a — p a^, 



^^ 
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therefore 



Q^^Eo-vpoi j.^^ 



ttj — a 

If, then, with a known resistance R, we obtain a deflection of 
a divisions, and with a known resistance p we obtain a deflec- 
tion of ttj divisions, we can determine G. 

For example. 

With a galvanometer (G) and a battery whose resistance 
could be neglected, we obtained with a resistance (E) of 350 
ohms a deflection (a) of 20 divisions, and with a resistance 
(p) of 200 ohms a deflection (ai) of 30 divisions. What was the 
resistance of the galvanometer ? 

r, 350 X 20-200 X 30 .^^ , 
^ = 30^120 = 100 ohms. 

Lastly, when the resistance of onr battery is considerable, and 
it is required to find its value, from equation [2] by multiplying 
up, we find 

' Eas=paj + rai + Gai — ra — Ga, 

by arranging the quantities 

raj — ra = Ra — pa^ — Gai-f"Ga 

or 

r (ttj — a) = It a — p aj — G (oj — a), 

that is 

r = ^^-:i^^-G. [5] 

For example. 

With a galvanometer whose resistance (G) was 100 ohms, 
and a battery (r), we obtained with a resistance (R) in circuit of 
300 ohms a deflection (a) of 30 divisions, and with a resistance 
(p) in circuit of 150 ohms a deflection (ai) of 40 divisions. What 
was the resistance of the battery ? 

300 X 30 - 150 X 40 ,^. ... . 
r = . Q _ q a 100 = 200 ohms. 

Tlie formulw may he considerably simplified if we so adjust our 
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resistances that one deflection becomes half the other, or, in 
any resistance then becomes 



other words, if we make a = -7^. Formula [3] for determining 

It 



that is 



2 

E = 2p + G. 



Similarly we should find that formula [4] for determining the 
resistance of a galvanometer becomes 

G = B- 2p; 

and formula [5] for determining the resistance of a battery, 

r = E-(2p + G); 

B being in all cases the resistance which giTes the small deflec- 
tion, and p the smaller resistance which doubles it. 

When the resistance we have to measure 10 very high com- 
pared with the resistance of the galvanometer and battery used 
for measuring, in our equation 



a 



B=-'(p + r + G)-(r + G). 

a 

we may practically, especially when great accuracy of measure- 
ment is not required, put G as well as r equal to 0, in which 
case, 

E = -V. 

a 

To measure a resistance according to this formula, we should 
fiirst join up, as shown by Fig, 1, our battery, galvanometer, 
and standard resistance, as it is called, which in our formula is 
p; and having noted the deflection ai, should multiply the 
latter by p ; which gives us what is called the constant E (the 
resistance to be determined) is then inserted in the place of p ; a 
new deflection a is obtained, by which we divide the constant, 
and thus get the value of E. 

This method of measuring resistances is the one generally 
employed in taking tests for insulation reaiatancft oi ^j^'^^^^ 
lines, the standard resistance p being UBuaHy 1000 o^Toa* 
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When the insulation resistances of Several lines are to be 
measured, the constant would first be taken and worked out, 
and the several lines to be measured being inserted one after 
the other in the place of the resistance p, the deflections are 
noted ; and the constant being divided by the several deflections, 
the resistances are thus obtained. 

For eocample. 

With a battery, a galvanometer, and a resistance (p) of 1000 
ohms in circuit, we obtained a deflection (ai) of 20 divisions, 
then 

Constant = 1000 x 20 = 20000. 

Taking away our resistance and inserting 

Wire No. 1, we obtained a deflection of 6 divisions. 



99 3, „ „ 12 

4, „ „ 3 



The resistances of our wires would then be 



No. 1, 20000 

2, 20000 

3, 20000 

4, 20000 



99 
99 
99 



5 = 4000 ohms. 

6 = 3333 „ 
12 = 1666 „ 

3 = 6666 „ 



These results are the total insulation resistances of the wires, 
which may be of various lengths. To get comparative results, 
it is necessary to obtain the insulation resistance of some unit 
length of each wire, such as a mile. 

Now, it will be readily seen that the greater the length of 
the wire the greater will be the leakage, and consequently the 
less will be the insulation resistance, or, in other words, this 
resistance will vary inversely as the length of the wire. To 
obtain, then, the insulation resistance, or insulation, as it 
is simply called, all we have to do is to multiply the total 
insulation by the length of wire. Thus, for example, if 
No. 1 wire was 100 miles long, its insulation per mile 
would be 4000 x 100 = 400,000 ohms. It is usual to fix 
a standard insulation per mile, and if the result is below that 
standard, the line is considered faulty. 200,000 ohms per mile is 
the standard adopted by the Postal Telegraph Department. 

The rule of multiplying the total insulation by the mileage 

o£ the wire to get the insulation per mile, is not strictly 

{jorrect, more especially for long lines, as it assumes that the 
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leakage is the same at e^ec^c poi^t along the line. This, how- 
ever, is clearly ngt the case, as a little of the current leaking 
out at one point leaves a smaller quantity to leak out at the 
next. In fact, wq really mieasure ihe last portions of the line 
with a weaker battery uian we do the first. The true law is, 
however, somewhat oomplex, and will be considered hereafter. 

We have hitherto considered the galvanometer deflections to 
be directly proportional to the currents producing them, but in 
no galvanoibeter is this the case if the deflectors are measured 
in degrees ; in such a case they are proportional to some function 
of those degrees, such as the tangent. Thus, if we were reading 
oflF the scale of degrees on a tangent galvanometer, that is to say 
a galvanometer in which the strengths of current are directly 
proportional to the tangents of the angles of deflection which 
those currents produce, we should have to find the tangents of 
those degrees of deflection before multiplying and dividing. 

For eosample. 

If with a tangent galvanometer we obtained with our 
standard resistance of 1000 ohms a deflection of 20°, and with 
the unknown resistance (R) a deflection of 16°, we should have 



R = 



tan 20° X 1000 -364 x 1000 



tan 15' 



268 



= 1358 ohms. 



When measuring the insulation resistance of a line of tele- 
graph, having taken the constant, we should join up our instru- 
ments and line, as shown by Fig. 2. In making a measurement 



Fig. 2. 




^nsulcUeci/ 



Earths 



of this kind, it is usual to have the positive pole of the battery 
to earth, so that a negative (zinc) current flows out to the line, 
as a zinc current will show best any defective insulation in the 
wire, a positive current having the effect, to a certain extent, of 
needing a fault up, more especially if any underground work 
which may be in the circuit is defective. 



8. 
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The foregoing method of measuremeiit is, as a rale, sufficiently 
accurate for all practical purposes. Greater accuracy may, how- 
ever, be obtained with but little extra trouble by allowing for 
the resistance of our battery and galvanometer in the followiDg 
manner : 

Instead of multiplying the constant deflection by the 1000 
ohms standard resistance, multiply it by 1000 plus the resist- 
ance of the galvanometer and battery, and having divided the 
result by the deflection obtained with the line wire in circuit, 
subtract from the result the resistance of the galvanometer and 
battery. 

For example. 

With a standard resistance of 1000 ohms, a tangent galvano- 
meter of a resistance of 50 ohms, and a battery of a resistance of 
100 ohms, we obtained a deflection of 30°, and with the line wire 
in circuit a deflection of 10°. What was the exact insulation 
resistance of the line ? 

Insulation 1 tan 30° (1000 -f 50 + 100) .^^ ^ i An\ 
resistance f = tan 10° " " ^^^ + ^^^^ 

•577 X 1150 



176 



- 150 = 3760 ohms. 



When a large number of wires have to be measured for 
insulation daily, it is very convenient to have a table con- 
structed on the following plan : 

Eabth Headings. 



•a 



00 m 

'O o 
$ o 

a 
S 

P 





1° 


2° 


3° 


4° 


20° 


20852 


10423 


6945-0 


5205-0 


21° 


21992 


10993 


7324-6 


5489-5 


22° 


23146 


11570 


7709-3 


5777-9 


23° 


24318 


12155 


8099-5 


6070-2 


24° 


25507 


12750 


8495-5 


6367-1 



In this table the first vertical column represents the deflec- 
tionB in degrees obtained with a tangent galvanometer through 
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a standard resistaaioe of 1000 ohms, and the top row of degrees 
are the deflections obtained with the line wire in circuit. The 
numbers at the points of intersection of a vertical with a hori- 
zontal column give the resistances corresponding to those 
deflections, these resistances being calculated from the formula 

Insulation 1 _ tan constant reading x 1000 
resistance J tan earth reading ' 

Thus the constant deflection, or reading, with the 1000 ohms 
standard resistance being 22°, and the deflection with the line 
wire (the earth reading) being 2°, the resistance required is 
seen at a glance to be 11,570 ohms. 

Before proceeding to the more intricate systems of measure- 
ment, we will consider some of the instruments which would 
be used in making measurements such as we have described. 
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CHAPTEE II. 

THE RESISTANCE COILS. 

The essential points of a good set of resistance coils are, that 
they should not vary their resistance appreciably through 
change of temperature, and that they should be accurately 
adjusted to the standard units, which adjustment ought to be 
such that not only should each individual coil test according to 
its marked value, but the total value of all the coils together 
should be equal to the numerical sum of their marked values. 
It will be frequently found in imperfectly adjusted coils that 
although each individual coil may test, as far as can be seen, 
correctly, yet when tested all together their total value will be 
one or two units more or less than the sitm of their individual 
values ; because, although an error of a fraction of a unit may 
not be perceptible in testing each coil individually, yet the 
accumulated error may be comparatively large. 

The wire of the coils is, as a rule, of German silver, the 
specific resistance of which metal is but little affected by 
variations of temperature. The wire is usually insulated by 
two coverings of silk, and is wound double on ebonite bobbins, 
the object of the double winding being to eliminate the extra 
current which would be induced in the coils if the wire were 
wound on single. By double winding, the current flows in two 
opposite directions on the bobbin, the portion in one direction 
eliminating the inductive effect of the portion in the other 
direction. When wound, the bobbins are saturated in hot 
paraffin wax. which thoroughly preserves their insulation, and 
prevents the silk covering from becoming damp, which would 
have the effect of partially short-circuiting the coils and thereby 
reducing their resistance. 

The small resistances are made of thick wire, the higher 
ones of thin wire to economise space. 

When bulk and weight are of no consequence, it is better to 
have all the coils made of thick wire, more especially if high 
battery power is used in testing, as there is less liability of the 
coils to become heated by the passage of the current through 
them. 
The individual resistances of a set of coils are generally of 
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sucli values that, by properly combining them, any resistance 
from 1 to 10,000 can be obtained. One arrangement in general 
use has coils of the following values: 1, 2, 2, 5, 10, 10, 20, 50, 
100, 100, 200, 500, 1000, 1000, 2000, 5000 ohms. 

These numbers enable any resistance from 1 to 10,000 to be 
obtained, using a minimum number of coils without fractional 
values. With these numbers, however, it is a matter of some 
little difficulty to see at once what coils it is necessary to put 
into circuit in order to obtain a particular resistance ; and as it 
is often necessary to be quick in changing the resistances, the 
following numbers are frequently used : — 1, 2, 3, 4, 10, 20, 30, 
40, 100, 200, 300, 400, 1000, 2000, 3000, 4000, which enables 
any particular resistance, that is required to be inserted, to be 
seen almost at a glance. 

The way in which the different coils are put in circuit is 



Fig. 3. 




. • . • 



shown by Fig. 3. The ends of the several resistances, c, c, c, 
are inserted between the brass blocks, 6, 6, 6,* • • •. Any of the 
coils can then be out out of the circuit between the first and 

Fig. 4. 
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last blocks, by inserting plugs, p^ as shown, which short-circuit 
the coils between them; thus, if all the plugs were inserted, 
there would be no resistance in circuit, and if all the plugs are 
out, all the coils would be in circuit. 

There are various ways of arranging the coils in sets ; one of 
the most common is that shown by Fig, 4. TIYoa ioTixi\^Ta»j;2cL 
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used in submarine cable testing. The brass blocks, bere shown 
in plan, are screwed down to a plate of ebonite which forms the 
top of the box in which the coils are enclosed. The ebonite 
bobbins are fixed to the lower surface of the ebonite top, the 
ends of the wires being fixed to the screws which secure the 
brass blocks. The holes shown in the middle of the brass blocks 
are convenient for holding the plugs that are not in use. 

It will be seen that six terminals, A, B, C, D, E, F, are provided ; 
when we only require to put a resistance in circuit, the two 
terminals D and E would be used. The use of the other terminals 
and of the movable brass strap S, will be explained hereafter. 

In using a set of resistance coils, one or two precautions are 
necessary. 

First of all, it should be seen that the brass shanks of the 
plugs are clean and bright, as the insertion of a dirty plug will 
not entirely cut out of circuit the coil it is intended to cut out. 
It is a good plan, before commencing to test, to give the plugs 
a scrape with a piece of glass or emery paper, taking care to rub 
off any grains of grit which may remain sticking to them after 
this has been done. 

When a plug is inserted, it should not be simply pushed into 
the hole, but a twisting motion should be given it in doing so, 
so that good contact may be ensured ; too much force should 
not be used, as the ebonite tops may be thereby twisted off in 
extracting the plugs. Care also should be taken that the 
neighbouring plugs are not loosened by the fingers catching 
them during the operation of shifting a plug. 

Before commencing work it is as well to give all the plugs a 
twist in the holes, so as to ensure that none of them are left 
loose. On no account must the plugs be greased to prevent 
their sticking, and their brass shanks should be touched as 
little as possible with the fingers. 

For taking the insulation resistance of a line in the manner 
described in the last chapter, such an elaborate set of coils is not 
of course wanted. A single coil of a resistance of 1000 ohms in 
a box with two terminals, to which the ends of the coils are 
attached, is all that is required. 

One of the most useful sets of coils for general purposes is 
represented in outline by Fig. 5. The general arrangement of 
resistances, it will be seen, is the same as that shown by Fig. 4. 
Two keys, however, are provided (drawn in the figure in eleva- 
tion, for distinctness), the contact point of the left-hand key 
being connected, as shown by the dotted line, with the middle 
brass block of the upper set of resistances, the terminal B' at the 
end of the key corresponding, in fact, when the key is pressed 
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down, with the terminal B shown in Fig. 4. I|i like manner 
the terminal A' corresponds with the terminal A. In the place 
of the movable piece of brass between A and D, a plug marked 
INF. (infinity) is provided, which answers the same purpose ; an 
infinity plug is also placed at the first bend of the coils on the 
right hand of the figure. 

When we require simply to insert a resistance in a circuit, 
we should use the terminals A' and E, the left-hand key being 
pressed down when the deflec- 
tion of the galvanometer needle ^^®' ^' 
is to be noted. The current 
can thus be conveniently cut 
oflF or puk on when required, J 
by releasing or depressing the 
key. Care should be taken that 
the two infinity plugs are firmly 
in their places, to ensure their 
making good contact. For the 
same purpose the key contacts -^ 
should be occasionally touched 
with emery paper or a fine file. 

Slide Eesistance Coils. 

Fig. 6 shows the principle of this method of arranging Resist- 
ance Coils. 

The coils, which are generally all of equal value, are fixed 

Fig. 6. 
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between brass blocks, as in Fig. 3, but instead of plugs being 
inserted between them to cut the various coils out of circuit, a 
sliding piece, B, is provided which can be moved along a rod 
with which it is in connection. The slider has a spring fixed 
to it which presses against the brass blocks ; it is evident, then, 
that any required resistance can be inserted between A and B, 
that is between A and a terminal fixed to the end of the rod, by 
simply sliding the piece B along the rod. 

The object of arranging the coils in this manner is more 
particularly to enable the ratio of A B to B C to be varied, whilst 
the sum of the two, that is to say the whole length, A C, remains 
constant. This is often required to be done. 
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These coils s^e sometimes arranged in a circle instead of a 
straight line, the contact-piece B being a spring forming a 
radius of the circle. This is a very compact and useful plan. 

For some tests a long straight wire of German silver or other 
alloy is. employed in the place of the resistance coils. It is 
important that this wire should be made of a perfectly uniform 
alloy, and should be of the same diameter throughout, so that 
its resistance may be directly proportional to its length ; thus 
if the slider were at the middle point of the wire, the resistance 
on each side should be exactly the same. 

If, as is sometimes the case, it is required to use a long wire 
of this kind, it would be inconvenient to have it straight; in 
such a case, therefore, the wire is wound spirally on a cylinder 
of ebonite or other insulating material, the two ends being con- 
nected to the metal axes, these latter being in connection with 
terminals. The sliding contact-piece is moved along parallel 
with the axes of the cylinder by a screw which gears with the 
cylinder, and which is therefore revolved by the handle which 
turns the latter ; the contact of the slider with the wire is made 
when required by pressing the former with the finger. The 
arrangement, in fact, is a modified form of Jacobins Rheostat. 

It is evident that a much finer adjustment of resistance can 
be obtained by the slide wire than by the slide resistance coils, 
but inasmuch as the length of the wire and the smallness of its 
diameter must be limited, it does not admit of very large varia- 
tions of resistance being obtained. By combining, however, a 
slide-wire resistance with plug resistance coils, this difficulty 
can be got over, though in tests which we shall describe it is 
preferable to use the slide coils. 

Slide resistance coils though very convenient are not abso- 
lutely necessary for varying the ratio of the resistances in the 
manner described ; for it is evident that A B and B C could be 
two sets of resistance coils in which, to adopt the slide resist- 
ance principle, the resistances would have to be increased in 
one set and diminished in the other, or vice versa, care being 
taken that the same resistance is added in one set as is taken 
out in the other. 
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CHAPTER III. 

GALVANOMETERa 

For the class of tests in wliicli it is required, by adjusting 
certain resistances, either to bring the needle to zero, or to the 
same deflection in making two measurements, as described on 
pages 1 and 2, a galvanometer having its scale graduated to 
degrees would be sufficient. It should be provided with an 
astatic pair of needles, suspended by a cocoon fibre, whose end 
is attached to a piece of metal connected to a screw, by the 
twisting of which the needles can be lowered down on to the 
coil, so that when it is not in use there would be no danger 
of the fibre being fractured by moving the instrument about. 

When the instrument is to be used it should be placed on a 
firm table, and the screw connected to the fibre turned until 
the needles swing clear of the coil. The instrument should 
then be placed in such a position that the top needle stands as 
nearly as possible over the zero points. It should next be 
carefully levelled by means of the levelling screws attached to 
its base, until the metal axis which connects the two needles 
together is exactly in the centre of the hole in the scale-card 
through which it passes. 

The adjustment of the needles to zero is much facilitated in 
some galvanometers by making the coil movable about the 
centre of the scale-card by means of a rack and pinion, or even 
by a simple handle attached direct to the coil. The final touch 
can thus be given without shaking the needles, which would 
render exact adjustment difficult. 

In the best galvanometers there is a scale graduated to 
degrees attached to the coil, so that the angle through which 
it is turned can be seen if required. This scale is employed 
when using the instrument as a sine galvanometer. 

The Sine Galvanometer. 

We before stated that the strengths of currents producing 
certain deflections are not directly proportional to those de- 
flections, but to some function of them, such as the tangent 
In measuring strengths of currents by using the in^txwxfijeii^, ^j3^ 
a sine galvanometer we proceed as followB : — 
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The needle is first adjusted to zero. The current whose 
strength is to be measured is then allowed to flow, and a 
deflection of the needle produced. The coil is now turned 
round; this causes the needle to diverge still more with respect 
to the stand of the instrument, but the angle which it makes 
with the coil becomes less the farther the latter is turned, and 
finally a point is reached at which the needle is again parallel 
to the cofl. — that is, its ends are again over the zero points on 
the scale-card. The reason of this is, that the deflective action 
of the coil on the needle is always the same, provided the 
current strength does not vary, but the farther the needle 
moves from the magnetic meridian, the greater becomes its 
tendency to return to that meridian, and finally when the 
needle becomes parallel to the coil this reactive force of the 
earth's magnetism exactly balances its deflective force. 

The strength of the current which produces the deflection of 
the needle will then be directly proportional to the sine of the 
angle through which the coil is turned. 

The galvanometer used as a sine instrument is extremely 
accurate if properly managed, its results being entirely in- 
dependent of the shape of the coil, size of the needle, &c. The 
only precaution necessary is to see that when the needle is at 
zero at starting it is brought back exactly to zero. Indeed it 
is not absolutely necessary that the starting point be zero, — the 
law of the sines holds good if the needle be at, say, 6° when 
commencing, but in this case, by the turning of the coil, the 
needle must be brought back to 6°, and not to zero. 

The Tangent Galvanometer. 

The tangent galvanometer, which is perhaps the most useful 
and convenient form for general purposes, consists essentially 
of coils of wire wound in a deep groove in the circumference of 
a circular ring, usually of brass, about 6 or 7 inches in diameter, 
with a small magnetic needle at its centre moving over a 
graduated circle. To render the instrument correct, it is neces- 
sary that the length of the needle be small compared with the 
diameter of the coil ; about three-quarters of an inch for a 6 or 
7-inch ring is a convenient size, and gives sufficiently accurate 
results for all practical purposes. 

Fig. 7 shows a very convenient form of this instrument, a 
modi£cation of which is used by the Postal Telegraph Depart- 
ment. The magnet m has a long pointer, of gilt copper, about 
6 inches long, fixed at right angles to it, so that its ends point 
to the zero of the scales placed at each end of it, when the 
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magnetic needle is parallel to the coil.* The magnet is so 
placed that ite central point is at the axis of the coUb and also 
in the same plane with them. 

The ohject of having the needle small, as compared with the 
diameter of the coil, is to ensure, as far as possible, the maguetio 




influence of the current on the needle being the same at 
whatever angle the needle may be with respect to the coiL 
Theoretically to effect this result, the magnet should be a mere 
point, but this ia of course impossible, and the error ia not 
great when the coil is eight or ten times aa large in diameter 
as the length of the neeme. Upon the influence of the coil on 
the needle being the same, whatever angle the needle takes up 
with respect to it, depends the truth of the proposition, that 
the ttrengths of cutrentt drculatiTig in the coil are proportional to 
the tangents of the angles of deciation of the Tteedle. 

Ah it would be difficult to read off the angular deflection of 
the needle from the needle itself, on account of ita shortness, 
the long pointer ia attached, which moves over the graduated 
Bcales onder ita extremitiea. 

One of theae scales is graduated to true degrees, and the 
other to numbers proportional to the tangents of thoae degreea, 
eo that if we read off two deflectiona from the degrees scale, the 
other extremity of the pointer will indicate approximately 
numbera proportional to the tangents of those two degrees of 
deflection. 

Now as the atrengths of oan«ntB producing certain do- 

e broken airay to ehov tlua ^^Sweii'i. '(bs^a 
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flections are proportional to the tangents of the degrees of 
deflection, if we read off from the degrees scale we must, as we 
have explained in Chapter I., reduce the degrees to tangents 
from a table of tangents, before working out a formula which 
has reference to the strengths of currents. If, however, we 
read off from the tangent scale, no reduction is necessary, and 
the numbers can be at once inserted in the formula. When 
time is no object it is better to use the degrees scale, as it is the 
more accurate of the two. 

To avoid parallax error, in consequence of the needle being 
elevated above the scale, a piece of looking-glass is fixed close 
to the tangent scale, so that when we look at the end of the 
needle and see that the reflected image of the pointer coincides 
with the pointer itself, we know that we are looking at the 
end of the pointer perpendicularly with the scale. 

As the instrument is generally only provided with a looking- 
glass near the tangent scale, it is necessary when reading off 
from the degrees scale to run the eye along the pointer to the 
looking-glass end, and see whether the reflected image cor- 
responds with the pointer at that end ; if it does, we may be 
sure that, when we look at the degrees scale, we do so 
correctly. 

It will be seen from the figure that the instrument is pro- 
vided with five terminals. A, B, C, D, and E. 

The two terminals D and E are attached to the ends of a thick 
wire, making two or three turns only round the ring, and 
having practically no resistance. To the terminals A and B are 
attached the ends of a finer wire, about No. 24 or 30 B.W.G., 
making a larger number of turns, and having altogether a 
resistance of about 25 ohms. A similar wire is also attached to 
the terminals B and C, so that if we use the terminals A and B, 
or B and C, we have 25 ohms in circuit ; and, if the terminals 
A and C, a resistance of 50 ohms in circuit. 

The object of having three different coils is to enable us to 
work with strong or weak currents; thus, with a strong 
current, we should use the terminals D and E, as there being 
only a few turns of wire the effect on the needle would not be 
great. With a weaker current we should use the terminals A 
and B, or B and C, and with a still weaker one the terminals A 
and C. The proper terminals to use in making any particular 
measurement are best found by experiment; the different 
terminals being tried until a convenient deflection is obtained. 
If it is found that one set of terminals gives too high and 
another too low a deflection, the battery power must be varied, 
or resistance inserted in the circuit. Experience only can 
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determine what it is best to do in different experiments, as no 
satisfactory rule can be laid down. 

Before nsing the galvanometer it should be seen that the 
pointer has not become bent, but stands at right angles to the 
magnet, and that when suspended it turns freely. On no 
account should the magnet suspension be oiled, as quite the 
opposite effect to what is intended will be produced by so 
doing. Care should be taken that the scale is in its proper 
position, so that when the two ends of the pointer are over the 
zero points, the pointer stands at right angles to the coils. 

In using the tangent galvanometer it is always as well to 
avoid obtaining either very high or very low deflections. The 
reason of this is, that any small change in the strength of a 
current traversing the galvanometer will produce the greatest 
effect on the needle when the latter stands at some deflection 
which is neither very high nor very low. The galvanometer 
is, in fact, most sensitive when the needle points, under the 
influence of a current, at that deflection. 

Thus, for example, suppose we had a current which produced 
a deflection of 6°, and this current was increased say by i^th, 
then the deflection would be increased to 5° 30', because 

tan 5° : tan 5° 30' :: 1 : l^^^. 

Next suppose the needle stood at 80°, and the current was, as 
before, increased by -nrth, then the deflection would be increased 
to 80° 54', for 

tan 80° : tan 80° 54' : : 1 : l^V- 

Lastly, let us suppose the needle stood at 43°, then by the 
increase in the current the deflection would have changed to 
45° 43', for 

tan 43° : tan 45° 43' : : 1 : 1^. 

In the first case then, when the deflection was low, the 
increase was 

5° 30' - 5° = 30' ; 

in the second case, when the deflection was high, 

80° 54' - 80° = 54' ; 

and in the third case, when the deflection was of a medium 
value, 

45° 43' - 43° = 2° 43'. 

What, then, is the deEection at which this incTea.^^ \a ^Te,^\.^"e>\*'X 
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The point to be determined is, what deflection is increased 
most by any small alteration in the current producing that 
deflection? 

If C be a cnrrent giving a deflection of a°, and Cj a current a 
little stronger, say, which increases this deflection to )8°, we 
have to find what value given to a°, makes ^ — a° as large as 
possible when C and Ci are very nearly and ultimately equal. 

We have 

C : Ci::tana° : tan/T, 
therefore 

Q 

tan ^ = ^ tan a°. 

Now we have to make ^ — a° a maximum, supposing that 
the foregoing equation holds good. 

Since )8° — a° is to be a maximum, tan (j8° — a°) must also be 
a maximum, but 

c. 



^ tan ;8° - tan g" C 

*^^(^-'^)= 14-tanfl°tana° = - 



tan a — tan a 



+ tan^tana° i + Ci^^^^^c 

c 



o + S tan a^ 



tana° ' 

We have then to find what value of tan a° makes this fraction 
a maximum, and this we shall do by finding what value makes 
the denominator of the fraction a minimum. Now 



^'+§''"°''=(7ib-\/5*--°) +^V5 



tan 
and this will be a minimum when 



Vtan 
that is, when 



L^.-^g'tana-O, 



1 = ^^'tan« a^ or,tana° =/v/n » 

Q 

but as Cj and C are ultimately equal, — becomes equal to 1, 
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therefore, 

tan a** = ^1 = 1 = tan 46^ 

We see then that in order to make the tangent galvanometer 
as sensitive as possible, we should obtain the deflection of its 
needle as near 45° as possible ; 45^ is in fact the angle of fnaxi- 
mum sermtivenesa. 

If we reqtdre to adjust two currents in two different measure- 
ments so that they should be equal in both cases, it is evident 
that the needle of the galvanometer employed to measure them 
should in each case show the same deflection. In making the 
two measurements, we take the deflection obtained by one 
current as the standard, and then in making the second measure- 
ment we adjust the current until the same deflection is obtained. 
Now the accuracy with which this current can be adjusted 
depends upon the sensitiveness of the galvanometer to a change 
in the strength of the current, and we have se6n that this 
sensitiveness is at a maximum when the deflection is 45^. If, 
therefore, we employ a tangent galvanometer for such a test as 
that just mentioned, we should endeavour in both measurements 
to bring the needle to 45°. 

In what way can this property of the galvanometer be taken 
advantage of when comparing two deflections ? 

We must in such a case endeavour to obtain both deflections 
as near 45° as possible. To do this we should have to get 
one deflection on either side of 45°. But then the question 
arises, should we get the deflections at an equal distance on 
either side, or one closer to the 45° than the other, and if so, 
should the higher or the lower deflection be the closer of the two ? 

Now a little consideration will make it clear that if the two 
deflections in question are taken either near 0° or 90°, they will 
be much closer together than if they were taken near 45°, for 
the reason that the tangents of high or low deflections differ 
more widely from one another than do the tangents of medium 
deflections. But we have shown that when deflections are 
high or low, any increase or decrease in the sti»ngth of the 
current producing those deflections has less effect than when 
the deflections are of a medium value. It is therefore evident 
that it is most advantageous to get the deflections as wide 
apart as possible. 

Let then tan ff^ represent the stronger, and tan ^° the weaker 
current and let one current be n times as strong as the other. 
We then have to find what valued of ^° and ^° make 
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a maximiiTn, supposing that 

tan 0° = « tan <^°. 

If in the kst investigation we substitute 6° for ^°, <^° for a°, 
and n for-p- > "^^ can see that in order to get the reqtdred result 
y^e must make 

tan ^° = , 

and, since tan 6^ = n tan ^^, 

-_ n . — 

tan 6r = — — = ^n. 

If one current strength is to be twice as great as the other, 
then « = 2 ; consequently, 

tan ^° = V2 = 1-41421 = tan 54° 44' = tan 64|% 
and 

tan «^° = -L = -70711 = tan 35° 16' = tan 35i°. 

V2 

These then are the deflections that theoretically it is best to 
employ in making a test with a tangent galvanometer in which 
one current is to be twice as strong as the other. But practi- 
cally we may make the deflections 55° and 35i°, as these are 
more convenient to adjust to, and tan 65° is, within 1', exactly 
double tan 35J°. 

If we examine the theoretical deflections 54° 44' and 35° 16' 
it will be seen that 

54° 44' -- 45° = 9° 44', 
and 

45° - 35° 16' = 9° 44', 

or in other words, the angular deflections on either side of 45° 
are in this case the same. Let us then see whether they are so 
when n has any value other than 2. 

The angular deflection between 45° and (P will be 

e - 45°, 
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that between 46° and ^°, 

46° - «^°; 

X //» >iKox tan^-1 
now tan (^ - 46 ) = j-^-^^^^^ , 

and tan (46° - 0°) = j^^^o > 
but we know, since 



that 



that is 



tan eP = Jn and tan 0° = — — , 

Vn 



1 



tan <h = . o 

^ tan a , 



1- 1 



that is 



or 



tan ^ tan ^ - 1 
^ + tan ^ 
tan (46° - 0°) = tan («° - 46°), 
46° - 0° = 6^ - 46°, 



showing that these angular deflections are the same whatever 
be the value of n. 

This is a very useful fiact, as it shows that when we are 
making a test in which two deflections are involved whose 
relative values are unknown, we should so adjust the resist- 
ances, &c., that the deflections are obtained, as near as possible 
at equal distances on either side of 45°. 

To sum up then, we have. 

Best conditiona for using the Tangent Galvanometer, 

When a test is made in which only one deflection is con- 
cerned, that deflection should be as near 45° as possible. 

If there are two deflections to be dealt with, these should 
be as near as possible at equal distances on either side of 45°. 
If one of these deflections is to be double the other, 55° ^\A 
35J° are the most oanvenient to employ. 
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Every galvanometer has an angle of maximum sensitiveness 
although it is not the same in all. It can, however, be found 
experimentally, and should be marked on the instrument for 
future reference. 



The Thomson Galvanometer. 

The accuracy with which measurements can be made depends 
chiefly upon the sensitiveness of the galvanometer employed 
in making those measurements. The Thomson reflecting gal- 
vanometer supplies this requisite sensitiveness, and is the in- 
strument which is almost invariably employed when great 
accuracy is required, and also when very high resistances have 
to be measured. 

Descrijption, 

The principle of the galvanometer is that of employing a 
very light and small magnetic needle, delicately suspended 
within a large coil of wire, and of magnifying its movements 
by means of a long index hand of light. This index hand is 
obtained by throwing a beam of light on a small mirror fixed 
to the suspended magnetic needle, the ray being reflected back 
on to a graduated scale. This scale being placed about 3 feet 
distant from the mirror, it is obvious that a very small angular 

movement of the mirror will 
Fig. 8. cause the spot of light reflected 

g^ on the scale to move a consider- 

able distance across it. 

The needle being very small, 

"^*'--..^ and being placed in the centre 

""-•••,. of a large coil, the tangents of 

"^•-..^ its deflections are approximately 

^ :z:f^ directly proportional to the 

strength of the currents pro- 
ducing them. 

In Fig. 8, let L be a lamp 
which throws a beam upon the 
mirror w, which has turned 
through a small angle, and re- 
flected the beam on the scale at D. Let d be the distance 
through which the beam has moved on the scale from zero 
point at L, and let I be the distance between the scale and the 
mirror. Now the angle through which the beam of light turns 






S 
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will be twice the angle through which the mirror turns. This 

is clear if we suppose the mirror to have turned through 45°, 

when the reflected beam will be at 90°, or at right angles to the 

incident beam. If, then, we call a the angle through which 

a 
the beam of light turns, - will be the angle through which the 

mirror will have turned. Let -^ and ~ be the two angles 

through which the mirror has been turned by two currents, of 
strengths Ci and Ca respectively, then 



Ci : Ca :: ^^^-^ • **^^» 



therefore. 



p .p .. V 1 + tan^ «i - 1 . V 1 + tan^ Og - 1 

tan a^ tan Oj 



^ 1 + tan^ being positive, as the angles are less than 90°. 

I being the distance of the scale from the mirror, let d^ and 
d^ be the distances traversed on the scale by the beam of Hght, 
then 

tan Oi = -J i tan Og = -y , 
therefore, 



\/^+¥-^ \/i+¥-^ 



I I 

therefore, 



Ci : ©2 :: d^{^ h + di^-^T): d,{^P + d,^ - l); 

when ^1 and dg ^o ^^t differ largely, then we may take 

Ci : Ca :: di : d^; 

but when this is not so the error may be considerable. For 
instance, suppose d^ = 150, and c^a = 300. According to the 
last formula this would show that one current is just twice as 
strong as the other, but by the current formula, taking I = 1500 
divisions (which would be about its value), we find that 

Ci : 0, : : 300 ( V 15002+150^ - 1600) : 150 (V 1500*-V^W -\^^^\ 
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that is 



or 



Ci : C, : : 2244 : 4456, 
C. : a:: 160: 297-14; 



SO that when extreme accuracy is required we cannot take the 
strengths of currents as being exactly proportional to the 
number of divisions of deflection on the scale. 

The galvanometer, as usually constructed, consists essentially 
of a very small magnetic needle, about three-eighths of an inch 
long, fixed to the back of a small circular mirror, whose diameter 
is about equal to the length of the magnet. This mirror, which 
is sometimes a plano-convex lens, of about six feet focus, is 
suspended from its circumference by a single cocoon fibre devoid 
of torsion, the magnetic needle being at right angles to the 
fibre. The mirror is placed in the axis of a large coil of wire, 
which completely surrounds it, so that the needle is always 
under the influence of the coil at whatever angle it is deflected 
to. A beam of light from a lamp placed behind a screen, about 
three feet distant from the jcoil, falls on the mirror, and is 
reflected back on to a graduated scale placed just above the 
point were the beam emerges from the lamp. The scale is, as 
we have before said, straight, and is usually graduated to 360 
divisions on either side of the zero point. 

The Thomson galvanometer is made in such a variety of 
forms that it will be impossible to consider them all ; we purpose 
therefore only to describe one in very common use. 

Fig. 9 gives a front and Fig. 10 a side elevation (with glass 
shade, &c., removed) of this form. 

It consists of a base formed of a round plate of ebonite, pro- 
vided with three levelling screws; two spirit-levels, at right 
angles to one another, are fixed on the top of this plate, so that 
the whole instrument can be accurately levelled; sometimes one 
circular level only is provided, but the double level is much the 
best arrangement. 

From the base rise two brass columns, between which a brass 
plate is fixed, rounded off" at the top and bottom. Against the 
faces of this plate are fixed the coils (c, c, c, c) of the instrument. 
The brass plate has shallow countersinks on its surface for the 
faces of the coils to fit into, so that they can be fitted in their 
correct places without trouble or danger of shifting. Eound 
brass plates press against the outer surfaces of the coils by 
means of screws, and keep them firmly in their places. There 
are two round holes in the brass plates coinciding with the 
centre holes in the coils. 
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The coilfi themselves, wliioh are four in number, are wonnd 
on bobbins of thin inenlating material, the wire being heaped 
np towards the cheek of the bobbin which bears against the 
brass plate. This heaping up is done in accordance with a law 
of Sir William ThomBon, so as to obtain, as far as possible, a 
maximum effect out of a minimum quantity of wire. The 
edges of the coils are covered with shellac, so as to protect the 
wire from injury. 

Within the holes in the brass plate are placed two little 
magnets, n s and a n, formed of watch-spring highly magnetised ; 




Bide EleratioD. (Shade renvned.) \ real size. 



they are connected together by a piece of aluminium wire, so as 
to form an astatic pair of needles. A small groove is cut in the 
brass plate, between the upper and the lower hole, for the 
aluminium wire to hang &eely in. 

In front of the top needle is fixed the mirror. It is suspended 
by a fibre attached at its upper end to a small stud, which can 
be raised or lowered when required. When pressed down as far 
as.it will go the needios rest on the coils, and the tension being 
taken off me fibre, there is no danger of breaking it by moving 
the instrament. 

One end of each ooil is connected to one of l^e four terminals 



GALYANOMETEBS. 



29 



in front of the base of the instrument, the other ends being 
connected to one another through the medium of the little 
terminals placed midway on either side of the coils. 

The connections are so made that, when the two middle 
terminals on the base of the instrument are joined together, the 
whole four coils are in the circuit of the two outer terminals, so 
that they all four act on the magnetic needles. 



Fig. 11. 
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As it is often convenient to be able to couple up the four 
coils in different ways so as tp vary their total resistance, in the 
instruments manufactured by the Silvertown Telegraph Works 
Company, the ends of all the four coils are connected to tftx- 
minals in a manner designed by Mobbts. l&diT^ ^€^ ^tA 
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E. K. Gray, and shown by Fig. 11. This figure represents the 
base of one of these instruments. Lines are engraved on the 
ebonite base to show the routes followed by the various coils. 
Arrows also are engraved alongside the lines to show the 
directions in which the currents must flow in order that all the 
coils may tend to turn the galvanometer needle in the same 
direction. 

There are five possible ways of coupling up all the coils, 
together, so as in each case to produce a different resistance. 
The following will show the various methods : — 

I. To obtain total resistance of all the coils in series, con- 
nect terminals 2 and 3, 4 and 5, 6 and 7. 
II. To obtain f resistance, connect terminals 2 and 3, 2 and 
5, 7 and 6, 7 and 4. 

III. To obtain J resistance, connect terminals 2 and 3, 4 and 

8, 1 and 5, 6 and 7. 

IV. To obtain ^ resistance, connect terminals 2 and 8, 1 and 

3, 4 and 5, 6 and 7. 
V. To obtain -^ resistance, connect terminals 1 and 3, 3 and 
5, 5 and 7, 6 and 8, 4 and 6, 2 and 4. 

In each case the leading wires from the galvanometer must 
be connected to terminals 1 and 8. 

Eeferring again to Fig. 9 ; over the coils a glass shade is 
placed, from the middle of the top of which a brass rod rises. 
A short piece of brass tube slides over this rod, with a weak 
steel magnet, slightly curved, fixed at right angles to it. This 
magnet can be slid up or down the rod, or twisted round, as 
occasion may require. For ^e adjustments a tangent screw is 
provided, which turns the brass rod round, and with it the 
magnet. 

We have said that the mirror is sometimes made of a plano- 
convex lens. This is done so as to obtain a sharp image of the 
spot of light on the scale. The width of the spot can be 
regulated by means of a brass slider fixed over the hole in the 
screen, through which the beam emerges from the lamp. 

A much better arrangement than the spot of light is now 
provided with most instruments. The hole through which the 
light emerges is made round, about the size of a sixpence, with 
a piece of fine platinum wire stretched vertically across its 
diameter. A lens is placed a little distance in front of this 
hole, between the scale and galvanometer, so that a round spot 
of light, with a thin black line across it, is reflected on the 
sc^Je, This enahlea readings to be made with great ease, as 
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.the figures on the scale can be very distinctly seen. (The 
mirror in this arrangement may be a plane one.) When the 
spot of light only is used, it is necessary to partially illuminate 
the scale with a second lamp. * 

To set up the Oalvanometer. 

It is essential, before proceeding to set up the instrument for 
use, to see that the ebonite base is thoroughly dry and clean, so 
that there may be no leakage from the wires to interfere with 
the tests taken. Indeed, it is as well to place the galvanometer 
and the other apparatus to be used on a large sheet of gutta- 
percha or ebonite, more especially if the room in which the 
tests are to be made is at all damp. Sometimes little ebonite 
cups are provided for the levelling screws of the instrument 
to stand in, which answer the purpose of insulating very 
thoroughly. 

The instrument should be set up on a very firm table in a 
basement story. It is almost useless to test with it in an upper 
room, as the least vibration sendtf^e spot of light dancing and 
vibrating to and fro. At all cable works the instrument is 
placed on a solid brick table built on the earth, so that no 
vibration can possibly affect it. 

A suitable table being chosen, place the galvanometer so that 
the two front levelling screws stand north and south, the front 
facing west. This is best done by drawing a line on the table 
exactly north and south, and placing the screws on it. 

The levelling screws must next be adjusted until the bubbles 
of the level or levels show the instrument to be perfectly level. 

Now remove the glass shade, and gently raise the stud at the 
top of the coils by squeezing the tips of the fingers between the 
head of the stud and the top of the brass plate in which it runs. 
If the stud is raised by a direct pull there is almost a certainty 
of its coming up with a jerk and breaking the fibre. On no 
account must the stud be twisted round, except to get rid of 
any torsion which may exist in the fibre when it has been 
replaced after becoming broken. 

The stud being raised sufficiently high to allow the mirror to 
swing clear of the coils, replace the glass shade, screw the brass 
rod with the magnet, on to its top, and set the magnet about 
half-way up the rod, the poles being placed so as to assist in 
keeping the magnetic needles north and south. 

The scale lamp being lighted, place it in position on the 
scale stand, the edge of the wick being turned towards t\i'^ 
brass slider which regulates ike width of "tha \>awxi oi \i.^QX., 
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Having opened the slider to its full extent, the scale and lamp 
should be placed about 3 feet from the galvanometer, so that it 
stands parallel with the faces of the coils and so that a line drawn 
at right angles to the scale from the lamp-hole will pass through 
the centre of the galvanometer. The reflected beam .of light 
should then fall fairly on the scale. If too high, this may be 
remedied by propping up the scale, and if too low, by screwing 
np the levelling screws of the galvanometer. It is easier to 
prop up the scale than to lower the galvanometer by means of 
the levelling screws, if the light is too high on the scale. 

The spot of light should now be set at the zero point on the 
scale by turning the regulating magnet by means of the screw; 
the spot should next be fooussed, by advancing or retreating 
the lamp and scale, until a sharply defined image is obtained 
on the scale. The width of the sut may then be diminished, 
by means of the brass slide, until a thin line of light only 
is obtained on the scale. If the round spot of light with the 
line across it is used, the focussing must be made so that the 
black line of light is sharply defined. 

The position of the scale and galvanometer being once ob- 
tained, their positions on the table may be marked for future 
occasions, or, at least, the exact distance of the scale from the 
galvanometer noted, so that it can be placed right without 
trouble. 

The instrument being now ready for use, if it is not required 
to be sensitive, place the regulating magnet low down ; if, on 
the contrary, it is required to be sensitive, place it high up. 

To obtain the maadmum sensitiveness: — Kaise the magnet to 
the top of the bar, and then turn it half round, so that its poles 
change places. The magnet will now be opposing the earth's 
magnetism, and consequently will tend to turn the magnetic 
needles round. If the magnet is at the top of the rod, the 
effect of the magnetism of the earth on the magnetic needles will 
be more powerful than the magnetism of the regulating magnet, 
and the needles will tend to keep north and south; but by 
placing the regulating magnet lower down, a point is reached 
where the earth's magnetism is just counteracted. Under these 
conditions the needles will stand indifferently in any position. 
By placing the regulating magnet about an inch higher than 
the position which gives this exact counteraction, the magnetism 
of the earth will be just sufficient to keep the magnets north 
and south, and consequently the spot of light at the zero on 
the scale, and at the same time leaves them free to be moved 
by a very slight force. It will be noticed with the regulating 
magnet in thia position^ that in order to get the spot of light 
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at the zero pomt, the magnet must be turned in the opposite 
direction to that in which it is required that the needles should 
move. 

It is not advisable to adjust the instrument too sensitively, 
because it is difficult then to keep the spot exactly at zero, as 
any slight external action may throw it a degree or two out. 

The height of the table upon which the instruments are 
placed, when working with a Thomson galvanometer, depends 
a good deal upon the fancy of the experimenter, but as the 
work is usually done most conveniently standing up, the table 
should be higher than an ordinary one ; from 3 feet 6 inches to 
4 feet is a good average height. 

The presence of iron near the instrument is not prejudicial 
to its correct working, so long as it remains stationary. The 
experimenter should, however, remove any keys or knives he 
may have about him, as they very much aflfect the galvanometer 
if ne moves about much. These precautions may seem too 
minute, but as the very object of the Thomson galvanometer is 
to enable measurements to be made with accuracy, all likely 
causes of disturbance should be avbided. 

If the fibre of the instrument by any chance gets broken, 
the top front plate must be unscrewed, when the coil which it 
secures can be removed, and the mirror and its appendages got 
at. Care should be taken, when replacing the fibre, that only 
a single thread from the cocoon silk is used, or the sensitiveness 
of the instrument will be much diminished. The operation 
requires care, and must be done in a room free from draughts. 
When the ends of the fibre are passed through their respective 
holes, and tied, a small drop of shellac varnish may be dropped 
on them, which will prevent their becoming loose. 

It is as well to let the needles remain suspended for a time, 
so that the fibre may become stretched to its normal length 
before being used. 

The suspending stud should always be pressed down before 
lemoving ^e inslnmentB. 

A resistance box, contaiDing three shunUy is provided with the 
galvanometer, of the values -^th, ^th, and ^^th of the resist- 
ance of its coils, which values, as we shall show in the next 
chapter, enable us to reduce the sensitiveness of the galvano- 
meter to its T^th, T^th, and jt^ part respectively. 

Fig. 12 shows a form of this shunt. By inserting a plug into 
one or other of the holes, the required shunt is inserted. 

The numbers are sometimes marked as -nr*^* t^*^» *^^ TTnnr*^» 
instead of -^th, -^th, and ^-^th, thereby indicating that t\\a 
particular shunt redizceiS the deflectionB oi thib ii<^^<^ \^ ^(h:od^ 
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particular fraction, bat they have just tlie same adjuetment 

really ia both cases. 
The ehunto are Bometimes encloeed in a round brass, instead 
of a square wooden box (Fig. 12), 
Tio. 12. p, f^ whicb is perhaps a more portable 
and elegant form. 

These shunts, if carelnlly ad- 
justed, are very useful. Some 
good electricians, however, object 
to their use on the ground that 
their Tariation in resistance by 
temperature does not accord •wita 
the variation in resistance of the 
galvanometer, and that conse^ 
qnently they are only oorreot at 
the temperature at which they 
were constructed. Other good 
electricians, however, use them, 
and consider them correct. 

The two broad strips of copper 
shown in the figure are used for 
the purpose of connecting the box 
with the galvanometer. The blank 
plug-hole is for the purpose of 
short-circuiting it, which should 
always be done when the instru- 
ment is not actually in use. 
About 6000 or 6000 ohms is usually about the resistance 

of the coils of this form of galvanometer. 

ThOMBOH's DEAD-BB4T GaLVASOMETEE. 

Great inconvenience and loss of time in testing often arise 
from the needle of the galvanometer not settling down at once 
to the angle of defection it should take up when under the 
influence of a constant current, but oscillating to and fro several 
times before it finally comes to rest, and again acting in the 
same way when the current is taken off and the needle returns 
towards the zero point. The object of the dead-beat galvanometer 
is to avoid these inconvenient oscillations. 

Pig. 13 shows the arrangement invented by Sir William 
Thomson for effecting tbis object. 

A is a brass tube, whose end a a, which is screwed, is dosed 
by a piece of glass. B is a short piece of tube, which is screwed, 
and whose end b b is similarly closed by a piece of glass. C is 
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a third short piece of tube, into which the ends of A and B 
screw. The length of this tube is such that when the whole 
arrangement is united together there is a very small space 
between the ends a a and & & ; a small air-tight cell in fact is 
formed. 

Hanging midway inside C is a mirror m, with a magnetic 
needle fixed to it, as in the ordinary Thomson galvanometer. 
This mirror very nearly fits inside tiie tube, there being only 
just room for it to swing freely; it is suspended by a very- 
short fibre. 

The space between a a and h 6, although very small, is just 





a If 






sufficient to enable the mirror to turn through an angle large 
enough to give a good deflection of the spot of light on the scale. 

The complete arrangement is inserted in the centre of a single 
galvanometer coil, so that the mirror occupies the same position 
that it does in the ordinary galvanometer. 

Owing to the air inside the cell being so closely confined, the 
violent movement of the mirror is checked when it is acted 
upon by a current passing through the coils, and the consequence 
is that the mirror, instead of overshooting the mark and then 
recoiling, turns straight to its proper deflection and stops dead. 
The same thing takes place when the current is cut off; in this 
case the .spot of light moves back to zero and stops dead at that 
point. 

The suspension fibre being very short, the mirror cannot turn 
so freely as the one in the ordinary galvanometer, its sensitive- 
ness is therefore not quite so great, but it is sufficiently so for 
most purposes for which the latter would be used. 

The fibre is very easily replaced when "bioken. Qncift ^xA 
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being attached to the mirror, the other is passed throagh a small 
hole in the side of C, and is then drawn sufGdentlj tight to 
snspend the mirror inside the tnbe so that it does not touch the 
sides, a drop of shellac is then applied to the hole, which closes 
it and fixes the fibre, 

Thomson's SIabine Galvanohbter. 

This instrument is specially constrocted for use on board 
ship, where the tolling of the vessel and the constant morement 
of masses of iron aibout wonld render an ordinary refecting 
galvanometer quite useless. 

Fig. 11 shows a side view of this instrument, the upper part 
being drawn in section. 

COCO are the coils, which are similar in form to those 




employed in the ordinary Thomson's galvanometer; there is, 
however, but one set, of two coils, inst^d of two Bets as in the 
latter. 

The mirror, with the m^netic needle fixed to its back, is 
strung on a oocoon fibre in a brass frame. The fibre is fixed at 
one end, and at the other is attached to a spring, which draws 
iie £lae tight. The frame elides in a grpove between the 
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coils, SO that it can be drawn out for the purpose of repair- 
ing the fibre. A powerfal directing horse-shoe magnet (not 
shown in the figure) embraces the upper parts of the coils, and 
serves to overpower the directive effect of the earth's magne- 
tism. This latter effect is still further rendered harmless by 
enclosing the whole system in a massive soft-iron case A A A A, 
a little window B being left through which the rays of light 
reflected by the mirror enter and return. 

For obtaining exact adjustment of the spot of light to zero, 
two little magnets, n and «, as broad as the mirror magnet is 
long, are provided ; by turning the pinion p these little magnets 
can be made to advance or retreat, and so act on the mirror 
magnet to make it turn in one direction or the other, as it is 
required. 

The resistance of these galvanometers is usually as high as 
30,000 or 40,000 ohms. 

The angle of maximum Betmtiveness in the Thomson reflecting 
galvanometers is, it is perhaps unnecessary to say, the largest 
deflection we can obtain, as the angle of deflection is but a 
very few degrees, and consequently the true maximum angle 
can never be reached. 

FiGUEB OP Merit of Galvanometers. 

The degree of sensitiveness of any galvanometer, or its 

"figure of merit," is determined by the amount of current 

which will produce one division or degree of deflection. In 

order to find this, we have simply to join up the galvanometer 

in circuit with a battery of a faiown electromotive force, and a 

resistance of a known value, and then note the deflection 

ob)»,ined ; from this we can easily calculate the current required 

to produce 1 degree of deflection ; thus, for example, if we had 

a tangent galvanometer which gave a deflection of 50° with a 

10-cell Daniell battery, that is, with an electromotive force of 

10 volts approximately, there being in circuit a to&l resistance 

of 1000 ohms, then the current producing this deflection 

would be 

10 ^, ^ 

= • 01 webers. 



1000 



The current which would be required to produce a deflection of 
1° would obviously be 

tanl° ^, -0175 ^^^,,^ , 

•^^ >< i^^ = -^^ ^ ri98 = '^^^^^^ ^^^^^^- 
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In the case of a Thomson galvanometer, we have simply to 
divide the current by the deflection obtained with the latter, 
since the deflections are directly proportional to the currents 
producing them. 

If we require to determine the figure of merit of a galvano- 
meter whose deflections throughout the scale are not pro- 
portionate to any ordinary function of the degrees of those 
deflections, then it is best to employ a sufficiently low electro- 
motive force and high resistance in circuit to obtain a few 
degrees of deflection only, and then to divide the current by 
this number of degrees ; for on every galvanometer the first few 
degrees of deflection are almost exactly proportionate to the 
currents producing them, although the higher deflections are 
not so. 

The " figure of merit " of a galvanometer has a considerable 
bearing upon the question of the degree of accuracy with which 
it is possible to make electrical measurements, as will be seen 
hereafter. 



( 39 ) 



CHAPTER IV. 



Fig. 15. 



SHUNTS. 

In making certain measiirements we sometimes find that, 
owing to the sensitiveness of the galvanometer, we are unable 
to obtain a readable deflection, from the needle being deflected 
up to the stops. We may reduce this sensitiveness by the 
insertion of a Shunt between the 
terminals of the instrument. This 
arrangement is shown by Fig. 15. 

If it is required to reduce the 
strength of current which ordi- 
narily passes through the galva- 
nometer to any proportional part 
of that current, we must calculate, 
from the resistance of the galvano- 
meter, what the resistance of the 
shunt should be to effect that 
purpose. 

Now if we call the current passing through the gal- 
vanometer without a shunt, then on introducing the shunt, 
will divide between the two resistances, and the greater 
portion of the current will go through the smaller resist- 
ance, and the smaller portion through the greater. Thus 
if we suppose the total current, which passes from one ter- 
minal of the galvanometer to the other, to consist of Q- 4- S 

G 

parts, then pr~r~o ^^ these parts will go through the shunt, and 

It -4- b 
S 

^ - Q parts through the galvanometer; that is to say, the 

Ix -(- b 

current going through the shunt will be 




C 



G 



G + S' 



and the current going through the galvanometer, 

8 



C 



G-t-S 
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If, in tHs last quantity, we put S = G, then current going 
through galvanometer will be 

G C 



C 



G + G" 2 



Again, if we make S = -^ , current going through galvsno- 

meter will be 

G 

p 

Once more, if S be made equal to « i current going through 

o 

galvanometer will be 

G 

p 3 _C 

Finally, if S be made equal to r , current going through 

galvanometer will be 

G + -«_ « 

w — 1 

From this it is evident, that to reduce the current flowing 

through the galvanometer to its -th part, we must insert a 

n 

shunt whose resistance is = th part of the resistance of the 

w — 1 ^ 

galvanometer. 

In many galvanometers three shunts are provided, which 

enable us to reduce the strength of current flowing through it 

to its "nrth, T-J^^^th, or -nAnr^^ part. From what has been said, it 

will be evident that the resistances of the shunts necessary to 

produce these results will have to be respectively the -^th, ^V"^^* 

and -g-^th part of the resistance of the galvanometer. We are 

thus enabled to reduce the sensitiveness of the galvanometer to 

anjr one of these three proportions we wish. 
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Suppose now, in making an experiment, we placed a resistance 
box for a slrnnt between the terminals of the galvanometer, and 
then adjusted it until w;e got a convenient deflection for the 
purpose we required ; what deflection should we get on remov- 
ing the shunt? Let us call C, as before, the current which 
passes through the galvanometer when no shunt is inserted, 
and let C^ be the current which flows through it when the 
shunt is inserted, tken the current which flows through the 
shunt will be 

c-c 

Now the two currents will flow through the shunt and galvano- 
meter in the inverse proportion of their resistances, that is, 

C, : C - Ci : : S : G, 

therefore, 

G + S 



= CiX 



s 



Or expressed in words, we should say that the current which 

would flow through the galvanometer, when the shunt was 

_ ,_ _ Galvanometer -\- Shunt ,, .-, . .in 

removed, would be -r — ' times the strength of 

Shunt 

the current which flows when the shunt is inserted. This pro- 
portion is called the multiplying power of the shunt. 

It will be noticed in a circuit like that shown by Fig. 15, 
that when a shunt is introduced between the terminals of the 
galvanometer which reduces its sensitiveness to J, or a shunt 
having a resistance equal to that of the galvanometer, it will 
not exactly halve the current passing through the instrument. 
If we used a tangent galvanometer, we should find, if the deflec- 
tion without the shunt was 40 divisions on the tangent scale, 
the introduction of the shunt would not bring the deflection 
down to 20, but to some deflection greater than 20. The reason 
of this is, that the introduction of the shunt reduces the total 
resistance in the battery circuit, and consequently increases the 
strength of the current passing out of the battery. It is this 
increased current, then, which splits between the galvanometer 
and shunt, and not the original current. To make up for 
this decreased resistance caused by the introduction of the 
shunt, it is necessary to add in the battery circuit a compensating 
resistance equal in value to the amount by which the original 
resistance was reduced. In order to obtain this, we must first 
consider the law of the joint resistance of two or more igat^llsA. 
circuits. 
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If we have several wires whose resistances are Ei, E2, Bs . . • . 
respectively, then conductivity being the inverse or reciprocal 
of resistance, their conductivities may be represented by 

=- , :5- , ^ . . • . Now the joint conductivity of any number 
xCi K2 xvs 

of wires is simply the sum of their respective conductivities. 

Thus, two wires of equal conductivities evidently will conduct 

twice as well as one of them, when joined pafallel to one another; 

and in like manner, three wires will conduct three times as well 

as one. Similarly, two wires, one of which has a conductivity of 

2, will, when combined with one which has a conductivity of 1, 

produce a conductivity of 2 + 1 or 3, for this is simply the same 

as joining up three wires, each having a conductivity of 1 ; and 

so with any number of wires. 

Therefore the joint conductivity of the several resistances, or 

multiple arc as it is called, will he :5- -4- :^ + ^- + . . . . and 

Jti ±12 xCs 

conductivity being, as we have said, the reciprocal of resistance, 

the resistance of the wires will be the reciprooial of this sum, or 



I 1X2 -LVs 



That is to say, the joint resistance of any number of wires joined 
jparallel to one another is equcH to the reciprocal of the sum of the 
reciprocals of their respective resistances, 

A particular case of these combinations is that of the joint 
resistance of two resistances, thus 

1 xti Bf 



1,L ^ + '^' 

Bi B2 

or, the joint resistance of two resistances joined parallel to one another 
is equal to their product^ divided hy their sum. 

Applying this law, the resistance between the terminals of the 
galvanometer before the introduction of the shunt being G, that 

on the introduction of the shunt will be ^ , ^ . Or, as S is 

U- -4- b 

1 

i/snaBjr made some fractional value of G, say the — ;^^*^ P*^ 
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(whicli value would be used in reducing the sensitiveness of the 

1 . 

galvanometer to -th), this combined resistance will be 



n 



G 



Q 



G 



«- 1 



«- 1 



G + 



Q 



w-l 



1 + 



n 



[1] 



«- 1 



The resistance therefore to be added in the battery circuit 
will be 



n n 



[2] 



For exanvple. 

It was required to reduce the sensitiveness of a galvanometer, 
whose resistance (G) was 100 ohms, to ^th. What should be the 
resistance of the shunt and of the compensating resistance ? 

Besistance of shunt equals 

100 X = = 25 ohms, 

— 1 

and compensating resistance equals 

100 X — u— = 80 ohms. 



It would be as well if the shunt boxes provided -pv^, 16. 
with galvanometers had compensating resistances 
connected with them, as calculation would be con- 
siderably simplified thereby in a large number of 
measurements. 

Fig. 16 shows how a set of shunts and compen- 
sating resistances may be adapted to any galvano- 
meter; we will consider how their values may be 
determined. 

Let S, Si, Sj, be the shunts which can be con- 
nected to the galvanometer .by inserting plugs at 
A, B, or C. . 

Let Ti, r„ r{, be the compensating resistances, and / 
let 
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Now, what we have to do, is to find what values of S, St, Sj, and 
♦"u ^2i *'i> are necessary, so that when a plug is introduced either 
at A, B, or C, the resistance between I) and E shall always be 
the same, whilst the necessary portion of the current is shunted 
off from the galvanometer. 

Let us first consider the shunt S and the compensating resist- 
ance which, in this case, will be R,. 

When the shunts and compensating resistances are not in 
use, the resistance in circuit is of course G, and this value must 
always be preserved between D and E. 

Let the value of the shunt S required be -th, then we know 

n 

(page 40) that the resistance of S necessary to give this, is 

» — 1 
and from [2] that the value of E| must be 

Ri = G^^. [5] 

We next have to consider what value to give to Si and Eg. 
Let it be required, by means of these resistances, to reduce 

the deflection by -th, then the value to be given to Si will be 



«i 



to solve which, we must know the value of rj. 

Now, the combined resistance of the shunt and Q-^r we can 
see from [1] is 

G + n. 

n. • 

therefore the value required to be given to Eg, in order to 
preserve the resistance between D and E, equal to G, when 
Si is connected, will be 

or 

»i TH *■ J 
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but from [3], [4], and [5] 

B. + r, = Ei = G^; [7] 

n 

therefore, subtracting [7] from [6], we have 

that is, 

1 -»i p, wi - n 

ri = vx , 

«i n«i 

or 

♦-1= G-7 i-xJ 

w (ni - 1) 

consequently the value of Si will be 

1+ ^"^ 

^ nj — 1 «(Wi — 1)2 

In like manner it could be shown that the resistance necessary 
to give to Sa and ri -f" »'a to reduce the deflection to its —th part 

would be 

q - p (^ - 1) ^2 



and 



ri + fa = U 



» (Wa - 1) 



or 



n (W2 - 1) 
Finally we have from [3] and [6] 

r, = B, - (n + r.) = G?^ - (n + r,). 

To summarise then, 

1 



S = G 



«-l' 
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(n-l)ni 
^-^n(». -1)2' 

(» - 1) na . 



and for any other shunt 9p 

The compensating resistances between the shunts will be 

n — «, 



r, = G 



«(wi - 1)' 



n (n, - 1) 



and also we have 



7*p ^ 1 



or 



••' = <^;^V) -<•••+''+ •••+'■'->• 

The Zarf resistance r, beyond the last shunt will be 

It was required to provide a galvanometer with -^th, x^tt*^* 
and TTJV(r*^ shunts, and with corresponding compensating re- 
sistances arranged according to Fig. 15. TVnat should be their 
value ? 

We have 

n = 1000, «i = 100, W2 = 10; 
therefore, 

n - 1 = 999, ni - 1 = 99, Wa - 1 = 9 • 
Then 

S = <J9^ = GX -001001, 





s. 


1000 X 99 X 99 


= G X '010193, 




a. 


999 X 10 
1000x9x9 


Gx -lasssSi 


Uld 










'. 


1000- 100 _ 
1000 X 99 


X -0090909, 




r, 


„ 1000 - 10 
+ ••■ °1000x9 


■Gx -11; 


bomwliioli 








fi = 


. 0(-ll - -0090909) 


= Gx -1009091 


•ko 









>-. = G^ - (r, + r,) . G(-999 - -11) - G X -889. 

If the resietance of tlie galvanometer, for which these shnnte 
and compensating resistances are to be provided, is 6000 ohms, 



S =. 5000 X -001001 = 
S, = 6000 X -010193 = 
S, = 5000 X ■ 123333 = 
r, = 5000 X -0090909 = 
r, = 5000 X -1009091 = 



5-005 ohms. 

50-965 
616-655 

45-455 
504-545 



r, = 5000 X -889 = 4445-000 

Fig. 17 shows how an ordinary Thomson 
galvanometer shunt box would be arranged 
with compensating resistances. 

The plug hole -, when it has a plug inserted 

in it, connects the top left-hand brass block to 
the bottom left-hand block, and so leaves the 
galvanometer connected to the terminals of 
tiie shunt box without any additional resist- 
ance in its circuit. The connection between 
tiiese brasB blocks is shown by the dotted line in Fig. 16. 

The accurate adjustment of ordinary shunts is often a some- 
what troublesome operation, in consequence of the nnmfitvQa.\ 
values of the reelstaiioes of which the shunta aia oani.'^ae»&. tuA 
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being whole numbers; thus, supposing the resistance of the 
galvanometer to be 5000 ohms, then the resistance of the i^th 
shunt would have to be 5000 4- 9, or 555 • 56 ; and, practically, 
this could not be adjusted to a greater degree of accuracy than 
one decimal place. Similarly, the T^th shunt should have 
a resistance of 5000 -7- 99, or 50 • 505, and the yrnnr*^ shunt a 
resistance of 5000 -r- 999, or 5 • 005, both of which numbers are 
somewhat awkward to adjust exactly. 
Now on page 43 (equation [1] ) we saw that the combined 

G 

resistance of the galvanometer and its shunt was — , conse- 

n 

quently to adjust the -^th shunt we may connect it to its gal- 
vanometer coil, and adjust it until the joint resistance of the two 
becomes equal to 5000 -7- 10, or 500 ohms. Similarly, the tto*^ 
shunt would be adjusted by connecting it to the galvanometer 
coil, and adjusting it until the joint resistance was found to be 
5000 -r- 100, or 50 ohms ; lastly, in like manner we should 
adjust the tt^it^^ shunt until the combined resistance of the 
two became 5000 -7- 1000, or 5 ohms. 

We have shown in a previous chapter that the deflections on 
the scale of a Thomson galvanometer, except when they are 
nearly equal, are not directly proportional to the current 
strengths which produce them, and that to compare them a 
formula must be used. If we wish to avoid the use of this 
formula we must adopt some method of avoiding widely 
different deflections. This we can do by using a variable shunt 
for the galvanometer, and with it obtaining either equal, or 
nearly equal, deflections for all measurements made in one set 
of tests. 

The graduated* scale of any galvanometer, it should be 
recollected, is not necessarily for the purpose of enabling the 
strengths of two or more currents to be compared by different 
deflections, but is also for that of enabling any deflection which 
may be obtained to be reproduced when required. 

It is best to obtain as high a deflection as possible, for then 
not only will a slight variation from the correct resistance 
of the diunt produce a greater number of degrees of variation 
from the deflection required, than woxild be the case if a low 
deflection was used, but also a higher resistance being required 
for the shunt, a greater range of adjustment is given to it. 

Although ihe deviations in degrees of the needle of a galvano- 
meter are not directly proportional to the currents that produce 
them, yet we may, by the help of the points we have just con- 
sidered, so graduate or calibrate the scale of our galvanometer, 
no matter what kind, it is, that the deflections of the needle will 
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at once tell us what the relative strengths of the currents pro- 
ducing those deflections are. 

First calculate from the known resistance of the galvanometer, 
the resistance of shunts required to reduce the amount of current 
passing through the galvanometer when no shunt is inserted, to 
h h h h ^^M ^^^ amount passing when a shunt is inserted; 
then the resistance of the shunts necessary to reduce the cur- 
rent to 

Tf» 7> t» t> • • • • ifl^ 
will, as we have shown, be 

1 i i 4. — i-th 

of the resistance of the galvanometer. Now, as we have also 
showQ, the insertion of shunts reduces the resistance of the 
circuit in which the galvanometer is placed ; we must therefore 
also calculate the resistances necessary to be inserted in the 
circuit in order to compensate for the reduction of resistance 
which takes place when a shunt is inserted. These resistances 
will be respectively 



12 3 4 IZJfh 

■2^> 3» T» 3"> • • • • ^r^^ 

of the resistance of the galvanometer. 

The shunts and their compensating resistances being cal- 
culated, to calibrate the galvanometer we proceed as follows : — 

The galvanometer, a resistance box, and a battery are joined up 
in circuit. The i shunt, that is, the shunt equal in resistance to 
the galvanometer, is then inserted together with the correspond- 
ing compensating resistance in the resistance box. Sufficient 
resistance is now added in the latter to bring the deflection 
down to, say, 1° ; the shunt and compensating resistance are then 
removed, and as the resistance in circuit is the same as before, 
and also the whole of the current passing in the circuit now 
passes through the galvanometer, the strength of current affect- 
ing it is exactly double that which deflected the needle originally ; 
the deflection of the needle, therefore, now represents a strength 
of current double that of the previous experiment. We next 
insert the ^ shunt and its compensating resistance, and by 
again adjusting the resistance coils, obtain a deflection of 1° ; on 
now removing the shunt and compensating resistance we get 
three times the strength of current passing through the gal- 
vanometer : the deflection obtained therefore will represent that 
strength, and so by inserting 

h 7>9 • • • n^^ 



i 
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shunts one after another, and repeating the process described, 
we can get the deflections corresponding to strengths of current 
equal to 1, 2, 3, 4, ... n, and the scale can be marked corre- 
spondingly ; or these deflections and the corresponding currents 
producing them can be embodied in a table, so that by referring 
to it we can at once see the relative powers of various currents 
giving different deviations of the needle. 

It will probably be found that up to between 20° and 30° the 
degrees of deflection are directly proportional to the strengths of 
the currents producing them ; beyond 30°, however, they can no 
longer be regarded as directly representing the strengths of the 
currents without considerable error. 

By the help of this method of calibrating a galvanometer we 
can determine its angle of maximum sensitiveness. All we have to 
do is to obtain various deflections of the galvanometer needle 
with various shunts and their corresponding compensating 
resistances, and in each case to increase the deflection of the 
needle slightly by reducing the compensating resistances by the 
same amount ; then the required angle will be the one at which 
the diminution of resistance produced the greatest increase of 
deflection. 

It is evident that if, in making a measurement, we want to 
reduce the deflection of our galvanometer to a readable quantity, 
we can do so, either by placing a large resistance in its circuit, 
or by introducing a shunt between its terminals. It is possible 
also, in certain cases, to produce the same effect by placing a 
shunt between the poles of the battery, but this is not always 
advisable, as it interferes with the constancy of the latter. 

If the resistance of the battery and galvanometer in a simple 
circuit be very high it requires a very considerable increase of 
resistance in the circuit to produce an alteration in the deflec- 
tion of the galvanometer needle, whereas just the reverse is the 
case if a shunt be used to produce that effect. This fact is 
an important one, as it has a considerable bearing upon the 
accuracy with which measurements can be made. 
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CHAPTEE V. 

MEASUREBIENT OF GALVANOMETER BESISTANCB. 

Half Deflection Method. 

The simplest method of determining the resistance of a galva- 
nometer is perhaps the one we have already given on page 6. 
In this method it will he seen we joined up the galvanometer, 
whose resistance (G) was required, in circuit with a resistance 
p, and a battery oi very low resistance, and having obtained a 
certain deflection we increased p to E, so that the current 
passing in the circuit hecame halved in strength, the resistance 
(G) of the galvanometer was then given by the formula 

G = E - 2 p. 

If we were measuring the resistance of a tangent galvanometer, 
the deflections obtained should be such that the tangent of one 
deflection is half the tangent of the other, the precaution 
against having the deflections too high or too low being duly 
taken (see page 19). 

For exanvpU. 

With a tangent galvanometer whose resistance (G) was to be 
determined, and a battery whose resistance was very small, we 
obtained with a resistance (p) in the resistance box (as the set of 
resistance coils is sometimes termed) of 10 ohms a deflection 
of 58°, and by increasing the resistance to 120 ohms. (E) the 
deflection was reduced to 38 J° (tan 38 J° = ^ tan 58°); what was 
the resistance of the galvanometer ? 

G = 120 - 2 X 10 = 100 ohms. 

In measuring the resistance of an ordinary galvanometer by 
this method it would be necessary to know what ratio the 
deflections bore to the current strengths producing them, so that 
the resistances may be adjusted accordingly. 

A convenient arrangement is to employ a tangent gal- 
vanometer of a known low resistance in circuit with the 
galvsmometer whose resistance is required, and to takib \iJ[^<^ 
readings from the tangent galvanometer, tlo^o TQ^\!&td.Ti!(^ ^kxs^i^ 
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obtained from the fommla will evidently be the resistance of 
the two galvanometers together. If, then, we subtract from 
this result the known resistance of the tangent galvanometer, 
we get the resistance we are trying to obtain. If we have not 
a tangent galvanometer at hand and if moreover we cannot tell 
what ratio the deflections bear to the current strengths pro- 
ducing them, we must of course employ a diflferent method of 
testing. 

In this, and indeed in all tests, it is important to consider 
what resistances and battery power should be employed to 
make the measurements, so that the greatest possible accuracy 
may be ensured. 

If we employ very high resistances to measure a low re- 
sistance, a considerable alteration in the former would produce 
but little alteration in the current flowing through the galvano- 
meter, for the electromotive force being constant, this current, 
and consequently the galvanometer deflection, is dependent 
upon the total resistance in the circuit, and an alteration of 
several units in a large total practically leaves its value the 
same, but then a few units too much or too little inserted in a 
formula may make the result appear very much greater or less 
than its true value. Thus, in the test we have been considering, 
suppose the battery power had been such that we found it 
necessary to have the resistance p = 2000 ohms, and that to 
halve the deflection we found it necessary to increase p to 4100 
ohms (E), this would make the resistance of the galvanometer 
to be, as we saw before, 

G = 4100 - 2 X 2000 = 100 ohms. 

Now, practically, if the resistance E had been made 4200 
ohms the deflection would have been halved ; whatever differ- 
ence there was would scarcely be appreciable. 

If now we work the result out from the formula we get 

G = 4200 - 2 X 2000 = 200 ohms, 

or double what it ought to be. It is possible indeed that the 
error might be greater than this. The test, in fact, would be 
quite useless. 

In order to have the best chance of accuracy we should make 

our resistances as low as possible, for then a small change or 

error in the latter produces the greatest increase or decrease in 

the current, and consequently in the deflection of the galvano- 

meter needle, and, on the other hand, it pioducea the smallest 
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error in the value of G, when the latter is worked out from the 
formula. 

In order to make R as low as possible it is evident that we 
must make p as low as possible. 

Supposing that we are in a position, according to the fore- 
going rule, to make as accurate a test as possible, what would 
be the degree of accuracy actually attainable ? This is limited 
by the smallness of the change in the deflection of the galvano- 
meter needle which it is possible to observe. 

Let us then consider what error in the value of G a definite 
error in reading the deflection of the galvanometer needle will 
cause? 

The error in G must be occasioned by the value of R being 
obtained incorrectly, this wrong value of R being due to an 
error made in reading the value of the deflection. Let the 
error in G be X, and let this be caused by a corresponding 
error 0, in R, that is to say, let 

G + X = R + 0-2p. 

Let the correct deflection, or current strength, which would be 
obtained if R were correctly adjusted, be C, that is, let 

B being the electromotive force of the battery. Also let there 
be an error — 8 in the deflection caused by the error in R, 
that is, let 

C - ^ = ^7-r~T 7T» or, 8 = 0- 



R-I-04.G' ' R + + G 

"^ R + G " R + + G " (R4-0 + G)(R+G)' 

or, since is very small, 

E0 



8 = 



(R + G)** 



8, however, represents the absolute divergence from the correct 
deflection, and the proportion which it bears to the correct 
deflection will be 

8 E0 . E 



(B + Gy ' R + G B.+ G 
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but 

G + X = E + 0-2p, 
and 

G = R - 2p, or, R = G + 2p ; 

therefore, by subtraction, 
therefore 

C"R+G"2(G+p) 2(G+p)' ^ -* 

but to obtain accuracy we must make p small, in which case 

C" 2G" 

This shows, then, that the relative values of the errors X and 8, 
are as 2 : 1. In other words, if we can only be certain of the 
correctness of the galvanometer deflection within 1 per cent., 
we can only be certain of the value of G within 2 per cent. 

Let now A and B be two contiguous division marks on the 
galvanometer scale, the latter being graduated in whole degrees. 
Now, by observation, we can always determine without diffi- 
culty whether the pointer lies exactly over A or over B, or 
whether it lies exactly midway between the two, and further, 
if it does not occupy either of these exact positions, we can 
judge without difficulty whether it lies nearest to A or to B. 
This is equivalent to saying that we can be certain of the value 
of the deflection within a quarter of a degree. Thus, supposing 
the pointer stood between 65° and 56°, but nearer to 55° than 
to 66°, then we should call the deflection 56^°, and supposing 
the deflection was actually very close to 55°, then 55^° would 
be a quarter of a degree too large ; if, on the other hand, the 
deflection was very close to 55^°, then 55J° would be a quarter 
of a degree too low. In one case the error would be a plus one 
and in the other a minus one, but in either case its maximum 
value would be a J° only. In order to avoid mistake we should 
lay down the rule, that if A be the smaller of two contiguous 
deflections A and B, then when the pointer is exactly over A, the 
deflection should be called A°, if nearer to A than to B, then it 
should be called AJ°, if exactly midway between A and B it 
should be called AJ° and, lastly, if the pointer is nearer to B than 
to A then the deflection should be called Af ° ; by keeping to 
this rule we can never make a greater error than J°. 

After the deflection has been observed it has to be reduced to 
a tsmgent, and then the latter being divided by two, the corre- 
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sponding deflection is ascertained from the tangent table ; the 
resistance is then adjusted till the required deflection is as 
nearly as possible obtained. If we find that the halved tangent 
does not exactly correspond to a deflection in the table, then we 
must take, say, the nearest deflection below the exact value, and 
then take care to adjust so that the deflection of the pointer is 
a little above that angle. Thus, suppose the halved tangent 
was • 7654, the nearest number below this in the table is * 7636, 
which is the tangent of 37°. In adjusting the deflection, there- 
fore, we should take care that we get it rather more than 37°. 

In adjusting to the deflection corresponding to the halved 
tangent, we are liable to make a plus or minus error of ^^ as in 
the first case, and as the halved tangent may itself contain an 
error due to the deflection being a ^° wrong in the first instance, 
the actual value of the new error may be greater than a ^° ; it 
cannot, however exceed ^°, though it may be close up to it. 
Assuming, however, that it is as great as ^°, then, as we should 
not make our deflection, corresponding to the halved tangent, 
to be less than about 36° (page 23), the ^° error would represent 

approximately a maximum percentage error of ^ ^ — = 1 • 43. 

We have pointed out, however, that there may be an error in the 
value of G which is twice the deflection error, therefore the total 
possible error is 2 x 1 '43 or 3 per cent., which may be either a 
plus or a minus error. 

A single cell of a battery is the lowest electromotive force 
that can be practically employed in making the test, but we 
may find that this one cell gives too low a deflection with 
the lowest valne we can give to p, that is 0, and two cells too 
high a deflection; we should have, therefore, to employ two 
ceUs and then increase p until the proper deflection is obte,ined. 
Now on pages 62 and 53 it was pointed out that it is best to 
make p of a low value so that the deviation of the needle from 
its correct position, when B is not correctly adjusted, may be as 
great as possible ; but equation [A], which represents the change 
8 in the deflection caused by a change <^ in B, shows that 8 is 
made as large as possible by making p as small as possible, but 
it also shows that we gain but little by making p very much 
smaller than G, for $ is only twice as great when p = 0, as it is 
when p = G. 

Practically we may say therefore that the 

Best Conditions for making the Test 
are to make p a fractional value of G •, and m ^Sdl'^ eajaft^ q1 ^ 
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tangent galvanometer the two deflections obtained should be as 
nearly as possible 55° and 35^°. 
Also as regards the 

Passible Degree of Accuracy attainable. 

If we can read the change in the deflection of the galvano- 
meter needle to an accuracy of x per cent., then we cannot be 
certain of the value of G to a closer degree of accuracy than 2 x 
per cent. 

It must be understood that the resistance of the testing 
battery can only be neglected when it forms a small percentage 
of the total resistance in its circuit. If, then, the galvanometer 
to be measured has a low resistance, inasmuch as R will have 
to be proportionately small, the battery resistance can no longer 
be ignored without introducing an error. The test, therefore, 
is not suitable for measuring galvanometers whose resistance 
consists of a few units only. 

Equal Deflection Method. 

The theory of this method is as follows : — The galvanometer 

whose resistance G is required, a 
resistance p, and a battery E of 
very low resistance, are joined up 
in circuit, as shown by Fig. 18, 
a shunt S being between the ter^ 
minals of the galvanometer; a 
deflection of the galvanometer 
I 1 needle is produced. Let be the 

^^"—J Qftpoggp X current flowing out of the battery, 

£■ '^ then 




, GS 
P + 



G + S 



This current divides into two parts, one part going through S, 
and the other part through the galvanometer. It does this in 
the inverse proportion of the resistance of those circuits, the 
part going through the galvanometer being 

n E .. S ES 

Ui = 



GS ^G + S""S(G+p) + Gp 
^'^0 + 8 
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The shunt S is now removed ; this causes the deflection of the 
galvanometer needle to be increased, p is now increased to E, 
so that the deflection becomes the same as it was previous to 
the removal of the shunt, or, in other words, so that the strength 
of the current passing through the galvaUDmeter is Ci, then 



c. "^ 



therefore, 



E + G' 



ES E 



S(G4-p)4-Gp E + G 

By multiplying up 

SE + GS = GS + Sp + Gp; 
therefore, 

Gp = SE- Sp, 
from which 

G = S?J1^. 

For example, 

A galvanometer whose resistance (G) was required, was 
joined up in circuit with a resistance (p) of 200 ohms, a shunt 
(S) of 10 ohms being between the terminals of the galvano- 
meter. 

On removing the shunt, it was necessary in order to reduce 
the increased deflection to what it was originally, to increase p 
to 2200 ohms (E). What was the resistance of the galvano- 
meter? 

^ ,^2200-200 ,^^ ^ 

G = 10 zr^ = 100 ohms. 

20U 

In making this test practically, we should proceed thus: — 
Join up the instruments, as shown by Fig. 19, taking care that 
the two infinity plugs are firmly in their places. Plug up the 
three holes between B and C, and remove the necessary plugs 
between D and B. Next remove plugs from between D and E, 
so as to introduce the resistance p. On the right-hand key being 
depressed the deflection of the galvanometer needle is obtained. 
The galvanometer should be gently tapped with the fixi%<»t ydl 
order to see that the needle is properly 4e&eci\.e9L %.tA \3& x^<^^» 
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sticking, as it is very liable to do, especially when a compass 
suspended needle is used. 

The oscillations of the needle may be arrested by a skilful 
manipulation of the key ; slightly raising it when the needle 
swings under the influence of the current and again depressing 
it when it recoils. 

The needle being steadily deflected, and the precise resist- 
ance ( p) in the box noted, the left-hand infinity plug must be 
removed, and the resistance between D and E increased until 
the deflection becomes the same as it was at first, and the 
resistance (B) being noted, the formula is worked out. 

FiQ. 19. 




What are the best values of S and p to employ in making a 
test like this? Should we make S and p of low, high, or medium 
values ? 

The answer to these queries has an important bearing upon 
the accuracy with which the test can be made ; and as we shall 
more than once have to consider questions of a similar kind, we 
shall *n the present instance enter at some length into the 
problem. 

There are two quantities whose values we have to determine, 
viz. S and p ; let us first consider what S should be, supposing 
E to be a given quantity and p to vary along with S. 

If we examine the formula we shall see that if we make S 
small, then an error of one or two units in the correct value of E 
will make a much greater difference in the formula than would 
be the case when there is the same number of units of difference 
with S large; thus to take a numerical example, suppose we 
Jiad the following values in the formula ; — 
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G = 6^,^ =120 ohms, 

and suppose we made E 120 units too large, we should then 
have 

^ .620-20 ,_ . 

G = 5 jr^r = 150 ohms ; 

or an error of 150 — 120 = 30 ohms. Next let us suppose we 
had the following values : 

G = 480 520Z_^^ = 120 ohms. 

and as before let there be an error of 120 units in E, we then 
have 

= 480-^..., 

or an error of 264 — 120 = 144 ohms, and if S and p had been 
higher still we should have seen that the error woidd have been 
still greater. 

To put the case in another way ; in the last example let us 
suppose the error in E had been, not 120 units but 25 units; 
that is, make E = 500 -{- 25 = 525 ; we then find that 

G = 480 5?^^« = 150 ohms. 
400 

The error in G, in fact, in the former case, where E was 
120 units too large, was no greater than it was in the latter 
case, when the excess in the correct value of E was but 25 units. 
From this it must be evident that it is highly advantageous to 
make S as small as possible. Let us, however, put the matter 
in an algebraical form ; thus, let X be the error in G, and let 
be the excess in the value of E which causes this error, then 
we have 



and 



P P P 



^ ^B-p SB 

G = S , or p = 



G-\-&' 
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therefore by subtraction, 

p o JtC xC 

From this we see that with a oonstant error, made in E, the 
con-esponding constant error X, made in G, will be as small as 
possible when S is very smaU, as indeed we before proved; but 
we also see that we gain but little by making S a very small 
fractional value of G, for the error would be only twice as great 
with S = G as it would be if S was very nearly = 0. It would 
not do, however, to make S greater than G, for G + S increases 
very rapidly by increasing S. Practically, therefore, we may 
say : make S a fractional value of G. 

We have next to determine what is the best value to give to 
p, supposing S to be a fixed quantity. 

Now if we put the equation 

G = S5^1-P 



in the form 

K 

P 



G = s(f-l). 



we can see that whatever value p has, E will have an exactly 
proportional corresponding value ; thus to take the example we 
first had, viz. : 

if in making the test we had made p = 2 x 20, = 40, instead of 
20, then the value to which E would have required to have been 
adjusted would have been 2 x 500, = 1000, instead of 600. 
Further, if E had had this value, then an error of 20 units in E 
would have produced the same error in G as would the 10 units 
in the first case, when E was 600. At first sight then it might 
appear that it would not matter what value we gave to p. Let 
us, however, consider in what way the adjustment of E is 
effected. 

The means by which we adjust E is by observing the deflec- 
tion of the galvanometer needle, and seeing whether we have 
brought it to the deflection it had when p and S were the resist- 
ances in the circuit; when this deflection is correct we know 
tjba^ B 18 correct But the accuracy with which we can adjust 
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E evidently depends upon the divergence of the needle from its 
correct position, being as large as possible when E is not exactly 
adJTisted, and if this divergence is greater when we alter E from 
1000 to 1020 ohms than when we alter it from 600 to 510 ohms, 
then it is better so to arrange the value of p that E shall be 
1000 ohms. 

Or in other words, if the error in E, corresponding to a con- 
stant error in G, produces a greater divergence of the needle 
from its correct position when E is large than when it is small, 
then it is better to have E large than small. 

Now the deflection of the galvanometer needle, or rather the 
current C producing it, is 



E + G 



and if we suppose there to be a divergence — 8, in C, caused by an 
error 0, in E, then we have 

^ . E 





> 


-/ - 


- E + ^ + G' 




or. 


8 


-C ^ 




E + <^ + G' ' 


but we know that 






c- ^ - ' 




^~E + G' 


therefore, 








.- ^ 






E E 



E + G E + <^+G (E + <^+G)(E + G)' 

or, since is very small, 

E0 



8 = 



(E + G)2' 



8, however, represents the absolute divergence from the correct 
deflection, and as the latter is itself varied by the value of E, 
what we require to know is the relative, or percentage of, diver- 
gence, this will be 

8 

c 
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which equals 

But from page 60 we see that the constant error X, caused in G 
by an error in B, is 

^ B ' 

or 

XE 



</> = 



substitating, then, this value of 4>, we get 
8 XE X 



C (GH-S)(E + G) ,p,_L«,/',^GN [B] 



(G + S)(H-|) 



From this it is evident that, G and S being constant quantities, 
the proportion ^ varies directly as ^, and this quantity is 

a maximum when E is as large as possible; but it is evident 
that we increase 8 very little by making E larger than G, for 
the reason we gave when we determined the ratio which S 
should have to (3. 

We do not gain, then, anything as regards the sensitiveness 
of the arrangement by making E very large, but we gain as 
regards our power of adjusting E, for we can adjust a resistance 
with a much closer degree of accuracy when it consists of a large 
number, than when it consists of a small number of units. 

It is therefore advantageous to make E as large as possible. 

Since when S, G, and p are given values, E must have a value 
dependent upon them ; and since we have determined the value 
we must give to S, it follows that the value we should give to p 
must be such that E will be as large as possible. 

As we cannot make E larger than the resistance we can 
insert in the resistance box, we must not make p so large that 
E will have to exceed that value. 

From the equation 

G = s5-=-^ 
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we see that 

Theoretically, therefore, we must not make p larger than the 

value we can give to ^ . ^ E. 

The highest resistance we can practically give to E is 

g 

10,000 ohms ; p, therefore, must not be larger than - 

10,000 ohms. Thus, if we use a shunt whose resistance is ^th 
the resistance of the galvanometer, we must not make p larger 
than ^ih. of 10,000 or 1000 ohms. 

By the foregoing investigation we have determined the con- 
ditions best for ensuring accuracy. Having then so arranged 
the test that these conditions are satisfied, the question arises, 
What is the possible degree of accuracy attainable? As we 
pointed out on page 53, this is limited by the smallness of the 
change in the deflection of the galvanometer needle which it is 
possible to observe. Let us then consider what error in the 
value of G a definite error in reading the deflection of the 
galvanometer needle will cause ? 

This we can determine from equation [B], page 62. Now, in 
order to obtain correctness, we must make S small compared 
with G, and also make E as large as possible; by doing this 
then the equation becomes 

8^ A. 
C " G* 

This shows, then, that the relative values of the errors X and 
8 are the same. In other words, if we can be certain of the 
correctness of the galvanometer deflection within 1 per cent., 
we can be certain of the value of G within 1 per cent. 

The practical results, then, that we have arrived at from these 
investigations are, that to obtain the 

Best Conditions for making the Test : 

First make a rough test to ascertain approximately the value 
of G. Having done this, insert a shunt (S) between its termi- 
nals, of a fractional value of the resistance of G. 

Next join up p in circuit with G and its sTauiit^^TxvaJKXTi^ v ^"^ 
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a 
large as possible, but not larger than ^ ^ B; E being the 

highest resistance that can be obtained. 

Insert in the circuit sufficient battery power of low resistance 
to obtain the deflection of the galvanometer needle as nearly 
as possible at the angle of maximum sensitiveness, adjusting p, if 
necessary, so that this angular deflection becomes exact, and 
note the exact value of p. 

Now remove the shunt and increase p to E, so that the 
increased deflection becomes the same as it was at flrst. Note 
E, and then calculate G from the formula. 

Possible Degree of Accuracy attainable. 

If we can read the galvanometer deflection to an accuracy of 
X per cent., then we can determine the value of G to an accu- 
racy of X per cent, (see pages 54 and 55). 

In the practical execution of the test, inasmuch as there are 
only three resistances between D and B (Fig. 19) our choice of 
a shunt is limited from this source, but these three will usually 
be sufficient for most purposes. 

The method we have described of making the test may be 
modified by making S or p the adjustable resistances instead of 
E, but in either of these cases it can be shown, by an investi- 
gation precisely similar to the one we have made, that the 
proper values of the resistances should be those we have 
indicated. 

If we make S the adjustable resistance, and make E = 2p 
we get 

G = s^::-^ = s?^^ = s, 
p p 

that is, the resistance of the shunt will be the resistance of the 
galvanometer. 

The connections for making the test in this manner would 
have to b^' so arranged that the resistances between D and E 
form the shunt, and those between D and C the resistances p 
and E. This arrangement, however, in consequence of there 
being so few plugs between D and C, is not a satisfactory one, 
as some difficulty would probably be found in adjusting the 
battery power and resistance E so as to obtain the deflection of 
maximum sensitiveness. The convenience of using a simplified 
formula, in fact, is more than counterbalanced by other con- 
sideratjons. 
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Thomson's Method. 

Join up the galvanometer g with resistances a, &, and d, and 
a battery of electromotive force E and resistance r, as shown 
by Fig. 20, and let a key be inserted between the points E 
and B, so that by its depression these points can be connected 
together. 

Fig. 20. 




First, let us suppose the key to be up and the points con- 
sequently disconnected. The current Ci flowing through the 
galvanometer will then be 



c. = 



E 



a + 6 



»■ + 



(a-|-&)(d + g) ^ a^h + d + 9 
a-\-h-\-d^g 

E (a + &) 

r(a-{.h-\-d^g)->f-{a-\-h){d + g)' 



[1] 



Next, suppose the key to be depressed and the points E and B 
thereby to be connected together, then the current (Cg) flowing 
through the galvanometer will be 



a = 



E 



a 



'2 



r + 



hd 



+ 



ag 



(^ + 9 



h-\-d a + g 



r{a + g){h + d) + ag{h + d) + hd{a + g) 



[2] 



Further, let us suppose the adjustment of the re8iata.iic«a to^ \ife 
such that 
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we then get 
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Ci = Ca, 



E (fl + 6) 



r{a + h + d + g) + {a + h)(d + g) 

Ea(6 + (Z) 



[3] 



r{a + g){h + d) + ag{h + d) + hd(a + gy 

by multiplying up and arranging the quantities we get 

r[(a + h + g){h+d)a + hg(]b + d)] + hg{a + h)d+[d{h + g) 
+ bg]{a + h)a = r[{a-\-h + g)Q> + d)a-\- ad{h + dy] + ad 
(a + h)d+[d{h + g) + hg']{a + h)a; 

therefore 

hg[r{h + d) + (a + b)d] = ad[r(b + d) + {a-\-b)d]; 
that is, 



ad = hg, or, g = 



ad 



A great advantage of this test is the fact of its being entirely 
independent of the battery resistance. It is also very easily 
made, as must be evident. 

Fig. 21. 




In making the test practically, the connections would be 
made as shown by Fig. 21. The terminals E and Bi would be 
Joined by a short piece of thick wire. The other ooanections 
are obvious, . 
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The left-hand key (which is not shown in the theoretical 
figure) being first depressed and then kept permanently down, 
the right-hand key must be alternately depressed and raised, 
the resistance d, that is the resistance between A and E, being 
at the same time adjusted until the deflection of the galvano- 
meter needle remains the same whether the key is up or 
down. 

We will now determine the best arrangement of resistances 
for making the test. 

What we have to do is to suppose that in the equation 

ad 

there is a small but constant error in g, caused by a correspond- 
ing error in one of the other quantities, let us say d, and then 
find what values of d and, say, a will cause the alteration of the 
deflection of the galvanometer needle produced on raising and 
depressing the key, to be as large as possible. 

Let A be the difference between the exact value of g and the 
value given it by the formula when we have d too large, and 
let the increased value ofdhedi. 

We then have 

adi 

therefore 

adi = hg -{-hk. 

We next have to determine what the alteration in the strength 
of the current passing through the galvanometer, produced by 
raising and depressing the key, is equal to. 

When the adjustment is exact, the current (C) flowing through 
the galvanometer will be represented by either equation, [1] or 

[2], if we put h g equal to o d, or 6 = — ; by doing this wa get 



r{g + a) + a{d + g} 



When the adjustment is not exact, the currents produced on 
raising and depressing the key will be obtained by equations 
[1] and [2], and the difference between these two currents 
relative to the current produced when exact equilibrium is 
obtfidned will give the relative current producing the altere.- 
tion iu fta deflection of {he galvanometer neeilej \ "^evie.^^^^'cw^ 
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C " 

a \r{d,-{^h){g + a) + d,h(js+a) + ga(d, + h) 

" r{d, + g + h + a) + {d, + g)(p + a)] 

(ad, - b g) {r(d,+h)+d,(h+a)} {r(a+g)+a(d+g) } 

a{r{d,+g+h+a)+{d,+g) (h+a)} {r{d,+h){g+a)+d,h{g+a)+ga(d,+h) 

but since ad, is very nearly equal to hg, we may without 

sensible error put a d, = a d = h g, or h = — , except where dif- 

ferences are concerned ; in which case 

Ca - Ci _ g(adi - hg) 
a(a + g)(id + gy 

d 



and since ad, = hg-^-hX, and - = t , we get 

a 

\J2 ~" ^1 Xu A 



(..+,)«.+,) (,+,)(,+!) 



w 



c — c 

From this it is evident that, in order to make -^-^ — - as large 

as possible, we must make d as large, and a as small, as possible. 

It is evident also that, as regards increasing -~^j — ^, it is 

useless making d much larger, or a mudfi smaller, than g ; but 
as regards our power of adjustment, it ia advantageous to make 
d as large as possible. 
From the equation 

hg = ad 

we see that g, being a fixed quantity, and a as small as possible, 
we can make d as large as we like by making h as large as 
possible. 

As regards the possible degree of accuracy aitaindhle, we see 
from equation [A] that when a is small and d large, that 
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that is to say, as was explained in the previous test (page 63), 
the degree of accuracy with which we can determine the value 
of ^ is the same as the degree of accuracy with which we can 
read the value of the galvanometer deflection. 

There is one other point to be considered in connection wilh 
the best conditions for making this test, and that is : — should 
the battery be placed, as shown in the figure, between A and C, 
and the key between E and B, or vice versdf To determine 
this point we must suppose a and d to be reversed, and then see 

wheflier under the«e conditions ^ wiU be greater or less 

than it would be under the conditions given in the figure. 

C — C 

The value of ■ ' p — - we get from equation [A] ; if then we 

substitute a for d, and vice versd, the relative values of the two 
arrangements will be as 

kd , Xa 

to 



(a + g){d + g)'-(d+g)(a + gy 

or, as 

(2 to 0. 

But we have seen that d should be very large and a very small, 
consequently to reverse the key and battery would be to very 
materially diminish the sensitiveness of the test. 

According to Fig. 20 we have the battery connecting the junc- 
tion of the two greater with the junction of the two lesser 
resistances ; this arrangement then is the best. 

To sum up, we have 

Beat Conditions for mcJcing the Test, 

Make a as low and h as high as possible, but not so high that 
(2, when exactly adjusted, does not have to exceed all the resist- 
ance we can insert between D and E (see Fig. 21). 

Make the connections such that the battery connects the junc- 
tion of the two highest with the junction of the two lowest 
resistances. 

Adjust d approximately, and then if necessary adjust the 
battery power, so that the final deflection is as near as possible 
that or maximum sensitiveness, and then, having ex&otl^ 
adjusted d, calculate from the formula. 
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Possible Degree of Accuracy attainable. 

If we can read the galvanometer deflection to an acooracy of 
a? per cent., then we can determine the value of ^ to an accuracy 
orx per cent. 

In the practical execution of the test, the lowest value we 
could give to a would be 10 units, unless we improvised a resist- 
ance of less value, which it might be necessary to do. 

This test is sometimes made by having a slide wire resistance, 
but it may be shown by an investigation similar to the one we 
have made, that in this case also d should be as large and a as 
small as possible, d would be a fixed resistance, and the slider 
would be moved along between A and C until the point is 
found at which the depression and raising of the key makes 
no alteration in the deflection of the galvanometer needle. 

In making the test in this way, the accuracy with which we 
can adjust the ratio of 6 to a is practically unlimited ; there is 
therefore no advantage in making d larger than g. 



».^ 
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CHAPTEE VI. 

MEASUBEMENT OP THE INTERNAL RESISTANCE OP 

BATTERIES. 

Half Deflection Method, 

On page 5 a formula is given for determining the resistance r of 
a battery, viz. : — 

r = E-(2p+G), 

where G is the resistance of the galvanometer employed to make 
the test, p a resistance which gave a certain current through 
the galvanometer, and E a larger resistance which caused the 
strength of this current to be halved. 

As this, though a simple, is a very good test, and is one which 
is very frequently made use of, a numerical example may prove 
of value. 

For example. 

With a galvanometer whose resistance (G) was 10ft ohms, 
and a battery whose resistance (r) was to be determined, we 
obtained with a resistance ( p), in the resistance box, of 150 ohms 
a deflection representing a current of a certain strength, and 
on increasing p to 600 ohms (E), we obtained a deflection which 
showed the current strength to be halved. What was the 
resistance of tlyp battery ? 

r =^00 - (2 X 150 + 100) = 200 ohms. 

To avoid mistakes, it should be carefully observed that in 
working out the formula we ^^ First dotible the matter resistance; 
to the result add the resistance of the galvanometer^ and deduct this 
total from the greater resistance" 

If we compare this test with the test for determining the 
resistance of a galvanometer described on page 51, we can see 
that the two are almost identical. In the one case we determine 
the resistance of the galvanometer, and in the other we deter- 
mine the resistance of the battery pluB tlie g^aX^^TLorovfiXj^T^^sA 
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then from the result deduct the value of the galvanometer. 
This being so, we can see that the 

Seat Conditions for making the Teat 

are obtained by making p-^-Q b, fractional value of r ; to do 
which we should require a galvanometer of low resistance. 

As regards the poaaible degree of accuracy aUainoible^ we can see 
from the galvanometer test referred to, that 



C"2(r + G) ' 
or if we employ a galvanometer of low resistance, 

i _ A. 
C " 2r' 

that is to say : — 

Poaaible Degree of Accuracy attainable. 

If we can be certain of the value of the galvanometer deflec- 
tion to an accuracy of x per cent., then we can be certain of the 
accuracy of the value of r within 2 x per cent. 

If the galvanometer deflection be too high, i. e., above about 
68° (page 23), with the lowest value we can give to p, then the 
galvanometer must be reduced in sensitiveness by being shunted, 
and the value of G in the formula will then be the combined 
resistance of the galvanometer and shunt, that is the product of 
the two divided by their sum. 

Thomson's Method. 

Fig. 22 shows the theoretical, and Fig. 23 the practical methods 
of making this test. 

The theory of the method is as follows : The galvai^ometer G, a 
resistance (Bes.^ and the battery whose resistance r is required, 
are joined «p in simple circuit with a shunt S between the 
poles of the battery ; a deflection of the galvanometer needle is 
produced with a resistance p in the resistance box. The shunt 
is now removed; this causes the deflection to become larger; 
p is then increased until the deflection becomes the same as it 
was at first. Let the new resistance be B and let E be the 
electromotive force of the battery, and C the current passing 
tlirough the galvanometer. 
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In the firat case we have 



C = 



E 



S 



•^-i-S + p-l-G 

E S 
r(S + p + G) + S(p + G)' 



and in the second case 



C = 



therefore 



E 



E 

r + E+G' 



ES 



r + EH-G-r(S + p + G) + SO + G) 
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Fig. 22. 



Fig. 23. 




By multiplying up ajid cancelling, 

rO> + G) = S(E-p), 



or 



r = S 



B-p 



p + G 

For example. 

A battery whose resistance (r) was required, was joined up 
in circuit with a resistance (p) of 200 ohms and a galvanometer 
of 100 ohms, a shunt (S) of 10 ohms being between the polea of 
the battery. 
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On removing the shiint it was necessary, in order to reduce 
the increased deflection to what it was originally, to iil6^ease p 
to 3200 ohms (E). What was the resistance of the batt^Ety 2 

^^3200-200 ^^^ ^ 
•■ = ^^ 200 + 100 " ^^^ ^^'^• 

The investigation for determining the best resistances to 
employ in making this test would be conducted in precisely 
the same manner as that given on page 58, et seq. For the 
equation 



r=:S 



R — p 



P + G 
is the same as 

(R + Q)-( p + G) 

•^-^ 7+G 

which is the same kind of equation as the one in the test we 
have referred to, viz. : — 

and as in this case we proved that S was to be as small and B 
as large as possible, so from the preceding equation we should 
prove that 8 should be as small, and E -|- G- as large, as possible. 
In order therefore to obtain the 

Best Conditions for making the Test, 

First make a rough test to ascertain approximately what is 
the value of r. Having done this, insert a shunt (S) between 
its poles, of less resistance than r. 

Next join up p in circuit with G, with the battery, and with 

its shunt S, making p + G not larger than ^ (G -|- E) ; E being 

the highest resistance that can be inserted in the circuit. 

The galvanometer needle being obtained at the angle of 
maximum sensitiveness, note the value of p. 

Now remove the shunt and increase p to E, so that the 
increased deflection becomes the same as it was at first. Note 
Ji and calculate r from the formula. 
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Possible Degree of Accuracy aUainahle, 

Vtom tb^ galvanometer test referred to, it must be evident 
that the A^roe of accuracy attainable varies directly as the 
degree of accuracy with which the galvanometer deflection can 
be observed. 

As we cannot in this test vary the resistance of the galvano- 
meter so as to obtain the deflection at the angle of maximum 
sensitiveness, we must, if the deflection be too high with the 
highest resistances we can put in the circuit, reduce its sensi- 
tiveness by means of a shunt between its terminals, the value 
of G in the formula will then be the combined resistance of the 
galvanometer and its shunt. 

The constancy of a battery being much impaired by its being 
on a circuit of low resistance, it is not advisable to reduce the 
deflection of the galvanometer by making S very small. In 
fact S, although it should be lower than the resistance of the 
battery, should not, in this test, be made lower than we can 
help. Thus, if the resistance of the battery were about 200 
ohms, it would be preferable to make S 100 rather than 
10 ohms. Should the deflection of the galvanometer needle be 
too low, the only thing to be done is to use another which is 
more sensitive. 

A Thomson galvanometer answers very wcAl for testd Uke 
this, as its sensitiveness can always be made suffioiently low by 
placing a shunt made of a short piece of wire between its 
terminals. 

If we could manage to adjust p in the first place so that 
together with G it equals S, we get the simplified formula 

•»= b — g — = K - p; 

or again, if we oopimence with no other resistance in the 
galvanometer circuit beyond that of the galvanotftetfer itself, 
we get the simplification 

If we arrange the tests, however, so as to use these simplified 
formulsB, we are obliged to employ an arrangement of resist- 
ances which would not be at all advisable if we wish for 
accuracy, and it is very questionable whether any advantage 
is gained by adopting a simplification of a formiilai^ i3DL \^»f^\i 
simple, at the expenae of accurate testing. 
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Siemens' Method. 

Fig. 24 shows the arrangement of resistances, &c., for de- 
termining the resistance of a battery by Siemens' method. 

Fig. 24. 

A IX S P Of Ir 




A C is a resistance on the slide principle, E a resistance con- 
nected to the junction of the galvanometer G and the battery 
whose resistance r is required. The other end of E is connected 
to the slider B. 

Now it will be found that if B be moved towards A or 
towards C from a certain point midway between A and C, 
the current flowing through the galvanometer will be de- 
creased. 

It follows frojn this that if we put B near A and obtain a 
certain deflection, we can also obtain this same deflection by 
sliding B to a point near C. 

Let B and B| be these points, and let a be the resistance 
between A and B, 6 the resistance between B^ and C, and p 
the resistance between B and Bj. Also let E be the electro- 
metric force of the battery, and r its resistance, and let C be 
the current deflecting the galvanometer needle. 

Now when the slider is at B 

C = ^ .. E 



B(p + h + Q) E + P + 6 + G 



EE 



(r+a)(E + p + 6 + G) + E(p + 6+G)' 
and when the slider is at B^ 

EE 



C = 



(r+a4.p)(E + 64-G) + B(6 + G)' 
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therefore 

(r + a)(E + p + 6+G) + E(p + 6+G) 

= {r + a + p)(E + 6+G) + E(6 + G); 
therefore 

from which 

r + a = h + Q 

or 

r = G + 6 - a. 

In making this test, then, what we have to do, is to note what 
are the values of A B (a) and B^ C (b) when the same deflec- 
tions are obtained on the galvanometer, then from these values 
and the resistance of the galvanometer we can determine the 
resistance of the battery. 

Another way\of making the test is to find the point between 
A and which gives the greatest deflection; then a and h 
will be the resistances on either side of this point. 

Let us now consider what is the best way of making the 
test. The points to be considered are, what are the best resist- 
ances to make E and A C, and also, at what. point should we 
place the slider to commence with, that is, st^onld t^ place it 
near one of the ends of A C or at some point nearer the middle 
of the latter ? 

From the equation 

r = Q + h -^ a 

it is clear that any error made in 6 or a, will make an exactly 
corresponding error in r ; in considering the problem, therefore, 
we have simply Jig determine what arrangement of resistancies, 
&c., will cause any slight error in a or 6, that is any slight 
movement of the slider, to make the greatest possible alteration 
in the current, that is in the deflection of the galvanometer 
needle. 

Let us suppose the slider was at B, for the first observation, 
and let us suppose that when the slider was at that point, a 
current C flowed through the galvanometer, and that when the 
slider was moved to Bj the current was also C. Further, when 
the slider was moved a distance €J> beyond B towards, say A, 
let us suppose the current was decreased to — 8. 

We have then to determine what arrangement of resistances, 

&c., will make ^ as large as possible. 
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Now 

and we know that 

r-j-a = 6-f Gr; 
consequently 

ER 



C = 



(r + a)(R + p + r+a) + E{p + r + ay 
and by putting a — ^ for a, and p -}- ^ for p, we get 

EE 



C-8 = 



(r + a^<l>){E + <t> + p + r+a) + R(4> + p + r+a) 
= Ci, or, 8 = C - C, ; i 

therefore - = 1 — -1; 

therefore 

5 -^(0 + p) 

C~{r+a-^)(E + ^ + p + r + a) + E(^ + p + r + a)' 

or since ^ is a very small quantity, 
8 _ -0P 



C (r + a)(E4-p + r4-a)4-E(p + r + a) 



[A] 



We will first determine at what point the slider should be 
placed to commence with. 

Now if we show at what point it should be placed near A, 
we determine the point at which it should be placed near C, for 
r -}- « must equal G-\-h. What we have to do then is to 
determine the best value to give to a. 

To do this we must suppose the resistance A C to be constant, 
or since r and c are naturaUy constants, we must have 

r+a + p + h+Q; 
that is, 

r + a + p + r + a, 
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or 



therefore 



2 (r -f- a) + p = a constant, say K ; 
p = K-2(r+a), 



that is, 

8 -0(K-2(r + o)) 

C (r + a)[E + K-.{r + a)] + R(K-(r + a)) 

--0(K-2(r4-a)) 
(r + a)(K-(r 4-a)) + RK 

From this we see that the smaller we make r-\-a the larger 
will be the numerator of the fraction. Also if r -j- a be less 

than -^y which it must be in the test, the smaller we make it the 

smaller will be the denominator of the fraction ; consequently 

8 
the smaller we make r-{'a, and therefore a, the larger will = be. 

It is best, therefore, to place the slider to commence with as 
near one end of A C as possible. 

Next we have to determine what value we should give to 

A 0. This we shall do if we determine wh^at value p should 

have. From equation [A] we see, that r, o;^ a&d R being oon- 

8 
stant, ^ is made a maximum by making p as large as possible ; 

but if we write the eqinitioa in the form 

e=(, + a)(l + «±I±-«) + E(l+l±-«) ^^^ 

we see that therft is but ^little use in making p larger than 
r-f-^) or as a is to be a very small quantity, in making it 
larger than r. 

Lastly we have to find what value it is best to give to R. 

If we write equation [A] in the form 

i. - ^P ^ 

C (p + r + a) (R 4- r 4- a) + E (r 4- a) 

we see that, r, a, and p being constant quantities, to make 
t;; a maximum we must make B as small a^ T^o^i^A!^*) Xsv^ ^^ 
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see also that we gftin but very little by making E smaller tban 
r -|- a> or as a is to be very small, by making it smaller than r. 
Since 

r -f- a = G + ^> 

a can only be made small by having G small, it is therefore 
best to have a galvanometer of as low a resistance as possible, or 
rather of a resistance not exceeding r. 

We proved that the slider should be as near one end of A C 
as possible. The end we can place it nearest must evidently 
be the end to which the greatest resistance is connected ; there- 
fore, whichever value of r or G happens to be the greatest, at 
the end to which that larger value is connected should the 
slider be placed, to commence with. 

If in equation [B] we make a and E very small and p very 
large, then 

8 _ - <^ 

showing that the possible degree of cbccuracy attainable varies 
directly as the divergence of the galvanometer needle from its 
correct position. 

To summarise the results, then, we have 

Best Conditions for making the Test. 

The slider at commencing should be as near as possible to 
the end of A C to which is connected the greatest of the values 
r and G. The value of A C should be not less than the value 
of the greater of the two quantities r and G. E should be 
lower than the greater of the two quantities r and G. 

The galvanometer resistance should not exceed r, and the 
deflection should be obtained at the angle of maximum sensi- 
tiveness. This can be done by varying E; but inasmuch as 
the latter should be lower than r, it is desirable to use a gal- 
vanometer of such sensitiveness that E can be made sufi&ciently 
small without reducing the deflection too low. 

Possible Degree of Accuracy attainable. 

If we can be certain of the galvanometer deflection to an 
accuracy of x per cent., then we can be certain of the value of r 
to an accuracy of x per cent. 

As in previous tests, we should first determine the value of 
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r roughly and then more exactly with the resistances properly 
arrangedl 

We have hitherto supposed AC to be a slide resistance, but it 
is not absolutely necessary that it should be so; the test can 
very well be made in the following manner : — 

Referring to the figure, and supposing r to be greater than G, 
let the resistances p and h be ordinary ones and both capable of 
variation, and let the resistance a be done away with. 

Having connected R to B, that is, to the pole A of the battery, 
plug up all the resistance in h and adjust p and E till the 
deflection of maximum sensitiveness is obtained on the galvano- 
meter. Care must be taken that the adjustment of p and R is 
so made that R is less and p greater than G. If the galvano- 
meter is sufficiently sensitive there will be no difficulty in doing 
this. 

Next shift the connection of R, from B to B, and proceed to 
adjust h and p until the original deflection is reproduced, the 
adjustment being made in such a manner that the same resist- 
ance is plugged up in p that is unplugged in h ; then 

r = G + 6. 

It must be noted that of the two quantities G and r the one 
which has the greatest resistance must be ccmneoted to p at B. 
In the case we have considered we have supposed that r was 
the larger quantity, but if G had been the larger of the two 
the position of G and r would have had to have been reversed 
and the resistance of r would have been given by the formula 

• r = G - 6. 

The modm operandi of the test would, however, be precisely the 
same in the two cases. 

Special sets of resistance coils are evidently necessary to make 
this test, as it cannot be made with ibft ordinary set (Fig. 5, 
page 13) alone. 

Mange's Method. 

This test is of a very similar nature to Thomson's method of 
determining the resistance of a galvanometer given on page 65. 
Fig. 26 shows the theorfetioal method of making this test. 

In the theoretical figure, a, h, and d are resistances, g a 
galvanometer, and E a battery whose resistance r is reo^vc^'^L. 

A key is inserted between the junctioiia oi a V\\Xi \> «sA ^ 
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with r. By depsesidiig this key these jimctions are conneoted 
together. 

Xet us first suppose the key to be up, then the current Ci 
flowing through the galvanometer will be 



C. = 



E 



a + h 



g{a + b + d + r) + {a + b){d+r) ' 



[1] 




Next suppose the key to be pressed down ; then the current C2 
flowing through the galvanometer will be 



a = 



E 



(m+^)« 



r + 



hd 

h + d 



+ 9 + 



hd 

h + d 



+ 9 + <^ 



E(b + d)a 

' g{a + r)(b + d) + hd{a + r) + ar{h + d)' ^^ 

Now if the resistances be adjusted so that the deflection of the 
galvanometer needle remains the same whether the key is 
depressed or not, then equations [1] and [2] are equal ; that is 

E (g + b) 



g{a + h + d + r) + {a + h){d + r) 

^{h + d)a 

^(a + r)(h + d) + hd{a + r) + ar (h + d) ' 
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Now if we refer to Thomson's galvanometer f esistance test on 

f>age 66, we can see that this equation is similar to equation 
3] on^that page, with the exception that r and g are inter- 
changed. It must therefore be obvious, by the same develop- 
ment of the equation as that given on the page referred to, 
that 



r = 



a d 



The great advantage of this test, which is perhaps the best 
of any, is that the electromotive force of the battery need only 
be constant during the very short interval of time occupied in 
depressing and raising the key. 

In mafing the test practically the connections would be 



Fia. 26, 




made as shown by Fig. 26. Terminals E and B' would be 
joined by a short piece of thick wire;;" the other connections are 
obvious. 

The left-hand key puts the galvanometer on ; it must be de- 
pressed and held permanently down, and the right-hand key 
then alternately depressed and raised and the resistance d, that 
is the resistance between A and E, at the same time adjusted 
until the deflection of the galvanometer needle remains the same 
whether the key is up or down. 

Again referrhig to Thomson's galvanometer resistance test; 
it must be clear, by substituting r for g in the ec\]ii9>.t\o\i%^^3Mw\. 
to obtain the 
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Beat Conditiona for making the Test, 

Make a as low as possible and h as high as possible but not 
so high that d when exactly adjusted would exceed all the 
resistance we could insert between D and E (see Fig. 26). 

Make the connections such that the galvanometer connects 
the junction of the two highest with the junction of the two 
lowest resistances. 

Adjust d approximately and then, if necessary, adjust the 
resistance of the galvanometer shunt (which it will he necessary 
to employ) so that the final deflection is as nearly as possible 
that of maximum sensitiveness, and then calculate r from the 
formula. 

Possible Degree of Accuracy attainable. 

If we can be certain of the value of the galvanometer de- 
flection to an accuracy of x per cent., then we can be certain of 
the value of g to an accuracy of x per cent. 

In the practical execution of the test the lowest value we 
could give to a would be 10 units, unless we improvised a 
resistance of less value, which it might be necessary to do. 

This testis sometimes made by having a slide wire resistance; 
but it may be shown in this case also, that d should be as large 
and a as small as possible. 

d would be a fixed resistance, and the slider would be moved 
along between A and C until the point is found at which the 
depression and raising of the key makes no alteration in the 
deflection of the galvanometer needle. 
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CHAPTEE VII. 

COMPARISON OF THE ELECTROMOTIVE FORCES OF 

BATTERIES. 

The methods of comparing the electromotive forces of batteries 
are perhaps more numerous than any other class of measurements. 
As no absolute standard of electromotive force exists, we 
cannot directly determine the electromotive force of any par- 
ticular battery in terms of the standard unit (the volt), but can 
only compare the relative electromotive forces of two or more 
batteries. 

Eqcjal Resistance Method. 

Let there be two batteries, X and Y, whose electromotive 
forces are to be compared. Join up battery X with a tangent 
galvanometer and resistance in simple circuit, as shown by 
Fig. 23 (page 73). All the plugs between A and C being in- 
serted, the infinity plug between A and D being removed, and 
the connections being made, depress the right-hand key, and 
remove a sufficient number of plugs from between D and E to 
obtain a convenient deflection on the tangent scale of the 
galvanometer. Note this deflection — ^let it be d divisions ; and 
also note the totcbl resistance (R) in circuit— that is, the resist- 
ance between D and E, plus the resistance of the galvanometer, 
plus the resistance of the battery (which must be determined 
beforehand). Now remove battery X and insert battery Y in 
its place, and if this battery has a different resistance to X, 
readjust between D and E so that total resistance in circuit is 
the same as it was at first. Again note the deflection of the 
galvanometer needle — ^let it be (2, dirisions. Then electro- 
motive force of X will be to electromotive force of Y, as d is to 
di. For calling Ex the electromotive force of X, and Ej the 
electromotive force of Y, then 

C = | and C. = |, 

therefore 

Ei:E, :: C : Cj, 
and d and dj are directly proportional to auQi dv 
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For example. 

With a tangent galvanometer, whose resistance was 100 ohms, 
and battery X, whose resistance was 70 ohms, we obtained, 
with a resistance of 1830 ohms (total, 100 + 70 + 1830 = 2000), 
in the resistance box, a deflection of 50 divisions on the tangent 
scale of the galvanometer; and with battery Y, whose resist- 
ance was 60 ohms, we obtained, with a resistance of 1860 ohms 
(total, 100 + 60 -f 1850 = 2000, as before), in the resistance 
box, a deflection of 40 divisions ; then 

*E. M. F. of X : E. M. F. of Y :: 50 : 40, 

or as 6 : 4. 

If the resistances of the batteries whose electromotive forces 
are to be compared are very small, we may, by using a very 
tigh resistance, practically regard the total resistance in circuit 
as the same, whatever battery we use. The deflections then 
obtained with any number of different batteries will represent 
their comparative electromotive forces. The galvanometer will, 
of course, have to be a sensitive one. 

Equal Deflection Method. 

Join up as in last method, and having noted the deflection 
^nd total resistance in circuit (K) with battery X, remove it 
and insert battery Y in its place. Now readjust resistance 
between D and E, until the deflection of the galvanometer 
needle becomes the same as it was at first. Note the resistance 
in circuit (E) ; then calling C the current, 

C=5 and C = 5, 
that is. 

El : E, : : E : Ej, 

or the electromotive forces of the batteries are directly as the 
total resistances that are in circuit with the respective batteries. 

For example. 

With a galvanometer whose resistance was 100 ohms, and 
battery X whose resistance was 50 ohms, we obtained, with a 
resistance of 2350 ohms (total, 100 + 50 + 2360 = 2500), in 
the resistance box, a deflection of 40°; and with battery Y, 

* E, M. F. = Electromotive ioioe. 
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whose resistance was 70 ohms, it was necessary, in order to 
bring the galvanometer needle again to 40°, to have a resistance 
of 1830 ohms (total, 100 + 70 + 1830 = 2000), in the resist- 
ance box ; then 

E. m: F. of X : E. M. F. of Y : : 2500 : 2000, 

or as 5 : 4. 



Wiedemann's Method. 

In Fig. 23 (page 73) join the zinc pole of battery X to D, as 
shown, and the other pole to the zinc pole of battery Y, whose 
other pole in turn is to be joined to C. Adjust resistance so as 
to obtain a high deflection on the tangent scale of the galvano- 
meter — let the current producing this deflection be C ; then 

p Ei + Eg 

where E is the total resistance in the circuit. Now reverse 
battery Y (the weaker one) so that the two oppose one another, 
— ^we shall then get a smaller deflection due to a current Ci; then 

r, El — Eg 

From these two equations we get 

Ej C — E2 C = El Ci -f- E2 Ci, 
that is, 

E, :E,::C4-Ci:C-Ci, 

or, substituting deflections d, c^i, for current strengths C, Ci, 

El : E, : : (i 4- di : d - c^i. 

For example. 

Two batteries X and Y being joined up together in simple 
circuit, we obtained, by adjusting resistance in resistance box, 
a deflection (d) of 72 divisions on the tangent scale of the 
galvanometer; and with the same resistance in circuit we 
obtained, on reversing battery Y, a deflection (d,) of 8 divisions ; 
then 

E^M. F. ofX : E.M.F. ofY :: 72 + 8 : 72-8, 

or as SO \ ^4., 
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It is unnecessary to make any remarks with reference to the 
best conditions for makiM; the foregoing tests, as from the 
simplicity of the lattet* any precautions which might be 
necessary would be self-evident. 

Wheatstone's Method. 

The most elegant method of comparing the electromotive 
forces of batteries is that of the lat^ Sir Charles Wheatstone. 
Battery X, whose resistance we will call r, is joined up in 
simple circuit with a galvanometer, whose resistaiice is G, and 
a resistance E in the resistance box. A deflection of a° is 
obtained ; then (substituting deflections for current strengths) 



a- = ^ ■^-. . . [1] 



R + r + G' 

R is now increased by p, and a new deflection, )S°, is obtained ; 
then 

^ = lEi + p + r+Q' ^^^ 

Battery X is now removed, and battery Y, whose resistance is 
ri, substituted in its place. The resistance box is then adjusted 
to Ri, so that deflection becomes a° as at first ; then 

^°=E, + n + G' ^^^ 

Rj is now increased by pi, until deflection becomes )8° ; then 

^ R, + p, + r, + G- L-" 

From equations [1] and [3J we get 

El Eg 



K + r + G Ri + n + G' 
or 

R_-fr+G ^ Ri + n + G . 

El Ea 

and from [2] and [4] 

■pi "P 



[5] 
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or 

p B + r + G _ p, r- i,-\-r, + G 

I Jhi Jlig ±J2 

Substituting the value of 

B + r + 
% ' 

obtained from equation [5], we get 

E, Ea 
or 

Ej : Ea : : p : pi. 

That is to say, the electromotive forces of the batteries are 
directly proportional to the added resistances which, in both 
cases, were required to bring the deflections of the galvanometer 
needle from a° down to )S°. 

For example. 

With a galvanometer and battery X we obtained, with a 
resistance of 1960 ohms in the resistance box, a deflection of 
64°, and by adding 2000 ohms, a deflection of 34°. Battery Y 
being inserted in the place of X, a resistance of 1660 ohms was 
inserted in the resistance box, which brought the galvanometer 
needle to 64° as at first, and by adding 1600 ohms, the deflec- 
tion was reduced to 34° as in the first instance ; then 

E. M. F. of X : E. M. F. of Y : : 2000 : 1600, 

or as 5 : 4. 

In this and the preceding tests we have supposed that the 
electromotive forces of any two batteries were being compared, 
but it must be evident that by noting the deflections, resist- 
ances added, &c., as the case may be, with any number of 
batteries, their electromotive forces may all be compared. 

We will now proceed to determine the best conditions for 
making the foregoing test. 

There are two points to be determined : first, what should be 
the resistances in circuit when observing the first deflections, 
and second, what proportion should the added resistances bear 
to the original resistances ? 

When the test is executed, there axe t^o ox tclot^ ^^\»^ ^ 
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observations made, viz. one for eacli battery. But it will be 
found, on examination, that the proportion between the electro- 
motive forces, the original resistances, and the added resistances, 
is the same for every set ; consequently we have only to deter- 
mine what relative values these quantities should have in the 
first set. Those in the others will be in the same proportion. 

It will be convenient to consider first what proportion the 
added resistance should bear to the original resistance. 

In making the observations, after the first deflection has 
been obtained and noted, the resistance in circuit is added to 
until the second deflection is obtained. Now in order that this 
added resistanoe may be adjusted as exactly as possible, it 
should be such that any slight increase or decrease in its exact 
value should decrease or increase the deflection as much as 
possible. 

To work out the problem then, we must suppose that there is 
a small error (say a + error) in the value of the added resist- 
ance, and then find what value of the latter makes the altera- 
tion in the deflection of the galvanometer needle to be as large 
as possible. 

In previous cases the error has been taken to be a constant 
one, because the quantity in which the error was supposed to 
exist was also a constant one. In the present case, however, 
the value we can give to the added resistance may be any- 
thing we like, as it is not a value which represents absolutely 
the electromotive force of the battery under test. It is in 
fact only a com^rcUive value ; the error must therefore also be 

made a comparative one. Let it be -th of the added resistance. 

Let E be the resistance in circuit at first, and let p be the 
added resistance. Then the current Ci producing the second 
deflection will be 

E being the electromotive force of the battery. 

Next let the added resistance be increased by the error to 

p + "■• Then the current Cg producing the deflection will be 

E 



a = 



E + P + - 
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Consequently the change in the galvanometer deflection will 
be represented by 

C-C=^ -^ - ^ P 



^ + P R + P + ^ «(R+p)(r + p + 9' 



or as - is a very small quantity, 
C. - C. = ^ P ® 



\a/d / 



Vp 

To make Ci — Cj a maximum, we must make ( — = — Vp) * 

VVp ^^ 

minimum, and this we shall do by making —= = ^Ip, from 

Vp 

which we see that 

E= p; 

that is, the added resistance should be equal to the original 
resistance. 

As regards the value for the original resistance there is little 
to be said. It does not affect the accuracy of the test, except in 
so far as the power of adjustment is concerned ; this is evidently 
made as favourable as possible by making the resistance as high 
as convenient. To sum up then, we have 

Best Conditions for making the Test, 

When making the observations with the first battery, make 
the original resistance as high as convenient, and make the 
added resistance as nearly as possible equal to this. 

The practical method of executing this and the foregoing 
tests and making the connections are too simple to require 
any explanation. 

Lumsden's Method. 

This is an excellent method of determining the comparative 
electromotive forces of batteries. The principle of the arrange- 
ment is shown by Fig. 27. 
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First Method. 



The two batteries Ei Eg are joined up with, their opposite 
poles connected together, and with resistances E, p in their 
circuit. A galvanometer g is connected between the points A, B. 



i; 







e. 



QQSlSlSSLy 



One of the resistances, say p, being fixed, the other E is adjusted 
until no deflection is observed on the galvanometer. When 
this is the case we get the proportion 



El 



E 

P 



In order to understand why this is the case, let us examine the 
theory of the method ; this is best explained by the help of two 
of Kirchoflfs laws, viz. : — 

1. The mm of the current strengths in all those wires which meet in 
a point is equal to nothing. 

2. The sum of all the products of the current strengths and resist- 
ances in all the wires forming an enclosed figure, equals the sum of all 
the electromotive forces in the circuit. 

Supposing, at first, equilibrium not to be produced, then -v^fe 
have the following equations connecting the various current 
strengths, resistances, and electromotive forces. 



Ci — c — Cg = 0. 

E Ci + gr c - El = 0. 

pCg — grc — E2 = 0. 

jyom equation [1] we get, Ci = c + c»-, 



[1] 

[2] 
[3] 
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therefore •■• 

E (c + Ca) + gr c - El = 0. 

From equation [3] we get 

P 

therefore 

therefore 

therefore 

_ p El — E Eg 

If in this equation we put 

c = 0, 

then 

p El - E Eg = 0, 

or 

El __ E 

that is, ■ 

El : Ej, : : E : p. 

Let us consider what are the best conditions for making the 
test. What we have to determine is, what are the best values 
to give to E and p ? How, since Ei and Eg are definite quanti- 
ties, the value given to E (supposing this to be the adjusting 
resistance), will be determined by the value given to p; we 
must therefore determine the value to give to the latter. 

The greater the accuracy with which we can adjust E, the 
greater will be the accuracy with which we can determine the 

El 

value of =-, that is, the relative values of Ej and Eg. But the 

accuracy with which we can adjust E depends upon its range 
of adjustment being as great as possible, and this can only be 
the case when it has as high a value as po^^ftAa. ^\lv\&^M ^ 
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were 100 units, we could only adjust it to an accuracy of 1 unit 
in 100, or 1 per cent.; but if E were 10,000, then 1 unit in 
10,000 represents an adjustment of -j-J^ per cent. But it is 
no use making E 10,000, unless a change of 1 unit in its value 
produces a distinct deflection of the galvanometer needle. 

The best value therefore to give to E is the highest one in which 
a change of 1 unit from its correct value produces a readable de- 
flection of the galvanometer needle. Since E is dependent upon 
the value given to p, what we require to know is the proper 
value to give to the latter quantity. 

Equation [4] shows the current c obtained through the 
galvanometer when equilibrium is not produced. If in this 
equation we put in the numerator E — 1 instead of E and then 
put 

EEa= pEiOrE= ^S 

we shall get the current corresponding to the change of 1 unit 
in the correct value of Ei. Thus 

pE,-(E~l)E, E, 



s;(K + p) + Rp gfp'^i , A , pE, 



«■+')+ 



E, 



^IK^+t)+^] 



E. '■ 

[A] 



or 



K^+|)+']=S- ™ 



Practically, the minimum readable deflection of a Thomson 
galvanometer (which is the best to employ in a test of this 
kind), is one division, and the current producing this deflection 
is ^e figure of merit of the instrument (see page 37). If, there- 
fore, in the last equation we put for c the figure of merit of the 
galvanometer, we can determine the value which should be 
given to p, Ei and Eg both being in volts. 

If we wish to get the exact value of p, we can do so by 

solving the quadratic equation; but practically, we only 

require to get a rough idea of what the value of p may be, and 

this we may obtain by giving diflerent values to p, and trying 

wluch of them nearly satisfies the equation. 
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ForexamipU. 

Two batteries, whose electromotive forces Ej and Eg were 
known to be of the approximate values of 2 : 1, (Eg being 
1 volt\ were to be tested by the foregoing method with a 
Thomson galvanometer whose resistance {g) was 5000 ohms and 

figure of merit : What was the highest value that 

could be given to p ? 



or 



p [5000 (1 + i) + p] = 1,000,000,000 X i, 
p [7500 + p] = 500,000,000. 



From this we can see that if we make p = 19,000 we shall be 
very nearly right, for 

19,000 [7500 + 19,000] = 503,500,000. 

With this value of p, the value which E would have when 
adjusted, would be 

E = p 1-' = 19,000 X f = 38,000, 

and with this value we could obtain a degree of accuracy 
equal to 

Having then ascertained the value to give to p, suppose we 
actually made it 19,000, and further, we found that in order to 
get exact equilibrium, we had to adjust E to 36,250 ohms, then 
the relative values of Ej and E^ would be 

El : E, : : 36,250 : 19,000, 
or 

:: 1-9089 : 1, 

and we know this is correct within • 0026 per cent. 

From equation [A] we can see that c is greatest when E, is 
larger than Ej. It is therefore best to so arrange the test that 
the resistance to be adjusted is the one in circuit with the 
strongest of the two batteries. Also we can see that the more 
the batteries differ in electromotive force the better, as the 
greater will be the value of p. 
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Second Method, 

In the example we have taken we have sTipposed the resist- 
ances of the batteries to have been so low that their values 
could practically be neglected in comparison with the high 
resistances E, p, which we were able to put in circuit. If, 
however, the batteries consist of a great number of cells of high 
resistance, and also the galvanometer be not a highly sensitive 
one, and consequently E and p have to be proportionately small, 
then we can no longer ignore the resistances of the batteries, 
and these must either be added on to E and p or eliminated in 
the following manner. 

Suppose the resistances of Ei and Ea to be rj and r^ re- 
spectively, then when equiKbrium is produced we have 

El : Ea :: E + n : p-\-r^, 

or 

El r2 — Eg ri = E2 E — Ei p. [I] 

Now if we decrease p to pi and again obtain balance by de- 
creasing E to El, we get a second proportion, viz. — 

El rg — E2 ri = Eg Ei — Ei pi . [2] 

By subtracting [2] from [1] we get »- 

Eg E — E2 El — El p -j- El pi = 0, 

El E — El 



or 



that is, 



or 



E2 p - Pi ' 
El : E2 :: E-Ei : p- pi, 



[A] 



a proportion in which differences of resistance alone appear. 
In fact (E — El) and (p — Pi) are merely the resistances which 
we subtracted from K and p, in order to get equilibrium a 
second time. 

For example. 

Two batteries whose electromotive forces Ei and Eg were to be 
compared, were joined up in circuit with a galvanometer and 
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two resistances as shown ^ Pig. 27, the resistance p being 
600 ohms; in order to obtain equilibrium E was adjusted to 
1050 ohms, p was then decreased to 300 ohms (pi), and in order 
to again obtain equilibrium, R had to be reduced to 630 ohms 
(Bi). What were the comparative electromotive forces of the 
batteries ? 

El : Ea : : 1050 - 630 : 500 - 800 
:: 420 : 200 

or 

as 2 * 1 to 1. 

The question now arises what are the best values to give to 
"Ri and pi, or rather to pi, for the value given to the latter will 
determine the value given to Ri. 

In order to work out the problem let us suppose, in the 
equation 

1 = ^, [A] 

1^2 P — Pi 

E, 
there is a small error \ in =- caused by a definite error — <^ in 

E, 

Bi, that is, let 

?i + \ = ^ " (^^ - ^) = ^-^^ + -^- FBI 

Ea p - pi p-- p^ p'-pi ^ -^ 

By subtracting [A] from [B] we get 

p^ Pi 

This shows that with the definite error ^, \ is as small as 
possible when pi is as small as possible. A would be very great 
if pi approached in value to p, but it would be small when pi 

is about equal to ^ , and but little less if pi is made very much 

smaller still. Although, therefore, we should make Pi small, 
there is but little advantage in making it very much smaller 

than ~ ; in fact, there is an actual disadvantage, for when pi is 

very small, Bi is proportionately small and its range of adjust- 
ment is correspondingly limited. 

From equation [A], page 94, we can see that iu t\i'^ Y^^'eKViJ^ 
case the currents flowing througli ike ga\TraTiOTii.^\i^t: ^«V<sa. 
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equilibrium is not establislied, in consequence of E and Ei being 
each. 1 unit out of adjustment, are 

c, = 



and 



^^+-^i[<'+w)+^+^] 



c = 



respectively ; and from these equations it is evident that if Ci is 
a perceptible deflection when E is 1 unit out, Cj will be a still more 
perceptible deflection when Ej is 1 unit out, since Ei must be 
smaller than E ; consequently the value we give to Ej will not 
be limited by any considerations with regard to a readable 
deflection being obtained. 

As in the first test Ci and Cg are both greatest when Ej is 
larger than E^, the batteries should therefore be so arranged 
that this is the case. 

With regard to the possible degree of accuracy attainable with 
this test, we can see first of all that Ei cannot be adjusted quite 
so accurately as in the case where the resistance of the batteries 
was negligible; we can however ascertain the exact degree 
attainable by putting p + r2 instead of p in equation [B], 
page 94. Thus to take the example given on page 95, suppose 
the battery Eg had a resistance of 5000 ohms approximately, 
then we should have 

(p + 5000) [5000 (1 + J) + p + 5000] = 1,000,000,000 x J, 
or 

(p + 5000) [12500 + p] = 500,000,000. 

If in this equation we make p = 14,000 we get 

(14,000 + 5000) [12,500 + 14,000] = 503,500,000, 

which is close to the correct value. In other words, if p does 

not exceed 14,000 ohms we can be sure of the value of E within 

1 unit. 

The degree of accuracy with which we can determine the 

E 
value of =^ from the equation 

El E — Ej 

E, " p- Pi 
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depends npoxi the degree o£ accuracy with which we can adjust 

both E and Ei, and as the errors in either of them may be 

either -f- or — , the greatest possible total error is that which 

will be produced by a + error in R, and a - error in Ri, or 

vice versd,' Let these errors be both 1 unit and let the corre- 

Ei 
spending error in =- be X, then we have 

li2 



El 



, . R + 1~(R,-1) R-Rg . 

+ ^ = :: — :: = ~ — r + : 



Ej, p - Pi P - Pi p- Pi 

and 

El R — Ri 



Eg p -pi ' 



therefore 



\ = 



2 



P- Pi 



Since we require to know what percentage (Xj) of error this 
represents, we have 

X ^1 ^f El 

^ = 100°^^' 



or 



,. = ioox| = /^.|. [C] 

El P - Pi J^i 

To take the example we have just considered, we see that 

the probable percentage of accuracy attainable, supposing pi to 

_ p . 
equal ^ > is 

\ = ^^^ , X i = -014 per cent. 

14,000 - 7000 ^ ^ 

With a Thomson galvanometer of ordinary sensitiveness it 
is evident from the foregoing investigation, that if we have 
two batteries, one Eg having an electromotive force of 1 volt or 
more, and Ej an electromotive force of twice that value or more, 
we can without difficulty determine their relative electromotive 
forces to an accuracy of, at least, '016 per cent.; and if the 
resistance of the batteries be very low we can be cetV^ws^ ^i ^^ 
accuracy within, say, '003 per cent. 



100 HANDBOOK OF BLECTBIOAL TESTINa. 

It is possible to get a still greater accuracy by employing 
a set of resistance coils adjustable to -^th or x^th of a unit» 
for in this case we can make both E and Ei low without losing ' 
the range of adjustment, whilst by "making these quantities low 
we increase the value of ihe galvanometer deflection when 
exact adjustment is not obtained ; this is only the case, however, 
when the resistances of the batteries and of the galvanometer 
are low. 

We can easily determine to what extent the degree of 

accuracy is increased by using submultiples of the units ; first 

by ascertaining from equation [B], page 94, what value p can 

E * 
have, =^ being divided by 10 if Ei is adjustable to xV*^» ^^^ 

Jill c 

by 100 if E is adjustable to y^ths; and second by working 
out the value of \i from equation [C], page 99, which gives the 
required percentage of accuracy. 

Of course when great accuracy is required the test must be 
made by the method in which the resistance of the battery is 
eliminated. It is no use making the test by the first method, 
since the accuracy attainable by having E adjustable to i^th 
or xiv*^ ^^ ^-^ ohm, is more than counteracted by the error 
produced by not taking into account the resistance of the 
battery. 

To summarise the results we have obtained, we have 



Best Conditions for making the Test. 

First Method. 

First make a rough test to ascertain the approximate vahies 
of El and Eg, then make p as high as possible, but not so high 
that 



['(• +!)+'] 



E * 

exceeds =^ ; c being the figure of merit of the galvanometer 
E| c 

and El the stronger of the two batteries, Ej and Eg being in 
volts. 
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Second Method. 
Make p ajs high 843 possible, but not so high that 



exceeds 



E,c' 



If E is adjustable to ^th or y^th of an ohm, the above 
quantity should not exceed fr^TTT- ^^ ^ A^ respectively. 

p 
pi should be about equal to ^ • 

In both methods Ej should be the larger of the two batteries. 

Possible Degree of Accuracy attairuMe. 

First Method. 

Where resistance of battery is very small. 

^ . . 100 E, 

Percentage of accuracy = — x ^r • 

Second Method. 

T3 ^ 4. 200 Ea 
Percentage of accuracy = X ^ • 

Or if pi is nearly equal to ^ > 

■D ^ ^ 400 E, 

Percentage of accuracy = x ^^r • 

p hi 

A great point in these methods of determining the compara- 
tive electromotive forces of batteries, lies in the feet that both 
batteries are working under exactly the same conditions ; more- 
over, if the resistances E and p are high there is but little 
tendency for them to polarise. If one of the batteries be a 
constant one, such as a Daniell, then by varying the values of 
B and p we can test how the other battery behaves whetL^cstksii^ 
through different resistances. 
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Poggehdobff's Method. 

In this method one battery is balanced against the other. 
The method is shown bjr Fig. 28. In this figure Ei and Eg are 
the electromotive forces to be compared. E and p are adjust- 

Fig. 28. 







able resistances, n and rg being the resistances of the batteries. 
G is the resistance of the galvanometer. 
Before equilibrium is obtained we have 



Cj + Cg - Cs = 
(r2 + G)c2 + Rc8 -Ea = 



[1] 
[2] 
[3] 



By substituting the value of Ci obtained from equation [1], 
in equation [2J, and then again the value of Cg obtained from 
equation [2], in equation [3], we shall find that 

(n + p)Ea -R (E, ~E , ) p, . 

^»-R(r, + G + n + p) + (r, + p)(r, + Gy ^^ 

If now we put c^ = 0, we get 

(r, + p) Ea - R (E, - E,) = 0, 



or 



that is, 



E5i(R + n+ p) = EiR; 
El : E, : : R + n + p : R. 



[5] 



It will be observed that in order to get the ratio of E2 to Eg 

froAi this proportion, we must know the resistance Vi of the 

battery. If, iowever, we decrease p to p^ and again get equili- 
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brium by readjusting B to Ei, we get a second proportion, 
viz., 

El : Ea : : El + n + Pi : El, 

and by combining the two proportions, Vi is eliminated in the 
manner shown in the last test (page 96) and we get 

El ^ (E - El) + (p - Pi) ^ 
Eg E — El 

or 

El : E, : : (E - Ei) + (p - Pi) : (E - Ei), 

a proportion in which diflferences of resistance alone enter. 

For example. 

Two batteries whose electromotive forces Ei and Eg were to 
be compared, were joined up in circuit with a galvanometer 
and two resistances as shown by Fig. 28. The resistance p 
being 200 ohms, it was necessary in order to obtain equilibrium 
to adjust E to 500 ohms, p was then reduced to 100 ohms (pi), 
and in order to again get equilibrium E had to be readjusted to 
400 ohms (El), then 

El : Ej : : (600 - 400) + (200 - 100) : (600 - 400) ; 

or as 2 : 1. 

In making this test practically, the connections with the set 
of resistance coils shown by Fig. 6, page 13, would be as shown 
by Fig. 29. Having depressed the left-hand key, then accord- 
ing to the example we should take out the two 100 plugs 
between A and C, and proceed to adjust between D and E. 
This being done, we should insert one of the 100 plugs between 
A and Cand readjust the resistance between D and E. 

As only one of the batteries (the smaller) in this test has its 
electromotive force balanced, the other one should be a constant 
battery, whose electromotive force does not fall off on being 
worked continuously, such as a Daniell. 

In order to determine what are the test condituma for making 
the test, we must find what are the best values to give to E 
and p. Let us first consider what value E should have. 

By a similar reasoning to that given on pages 93 and 94, we 
can see that the value of E should be the highest one in which 
a change of 1 unit from its correct resistance produce« a Yead.dyAA 
deflection of the galpanometer needle. 
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The value whicli E will have depends upon the value given 
to. p, and we must therefore determine what p should be. 
Equation [4], page 102, shows the current Cj obtained through 



Fig. 29. 




the galvan6meter, when equilibrium is not produced. If in 
this equation we put in the numeriettor B — 1 instead of B, and 
then put 

-, or, E = (n + p)^— ^, 



B, 



E 



we shall get the current corresponding to the change of 1 unit 
in the correct value of E. Thius 



Cs = 



(n + p)[(r. + G)E, + (r, + p)Ei] 



[1] 



(.+rt[(r.+G)|+r,+,]=e^^-. . 

From which, as explained in the last test, p can be obtained by 

trial. 

In order to determine the value which should be given to p, 
let us suppose in the equation 

E, , (E - EQ + (p - pQ 
E, E - El 



[2] 



or 



?f = 1 + P-P» 
Ej Bj — ^v 



[3] 
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E. 

that there is a small error \ in — caused by a corresponding 
error — ^ in Ei ; then we have 

By subtracting [3] from [4] we get 

^ ^ P - (Pi - 0) _ p - Pi ^ ^ . 



but from [3] 



«-«' = (Er^)<''-''')' 



therefore 



x= * 



This shows that with the definite error ^, \ is as small as pos- 
sible when pi is as small as possible. \ would be very great if Pi 
approaches in value to p, but it would be small when pi is about 

equal to ^, and but little less if p, is made very small indeed. 

As our range of adjustment of Rj is limited by making pi very 

small, it is advisable not to make it smaller than ^ . 

From equation [1] we can see that the test is impossible if 
El and E, are equal, since Cg = with any value we can give 
to the resistances.* We can further see that it is best for the 
batteries to differ as much as possible in electromotive force, 
and also that it does not matter materially which is the stronger 
of the two. 

As regards the degree of ctccaracy attainable, this depends upon 
the degree of accuracy with which we can adjust both R and Ri, 
and as the errors in either of them may be -f- or — , the greatest 
possible error is that which will be produced by a -f- error in R 
and a — error in Ri or vice verad. Let these errors be both 

* This ia not the case in Lumfiden'a \e&^ 
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El 

1 unit, and let the corresponding error in Wf^ ^» *^®^ ^^ 
have 

%^ ^B-l-(Ea + l) "^^E-Ki-2 

and 

therefore 

\ - P- Pi _ P- Pi - 2(p- pi) . 

^-E-E,-2 E-R, (E-B,-2)(E-E.)' 

or since E — E, ia very large, 

_ 2 (p - p.) _ ^_ / E. - E. Y 

(E-E,)» -p-p.^'V E, ;• 

Since we require to know what percentage (Ai) of error this 
Tcpresents, we have 

^=100^^1.' 



or 



x. = 100x5= ''' -^^'-^'^' 



2 



Ej p — Pi El E 

To sum up then, we have, 



Best Ccmditions for making the Test. 

First make a rough test to ascertain the approximate values 
of El and Es, then make p as high as possible, but not so high 
that 

(n + p)[(r, + G)J + r. + p)] 

exceeds 

( E. - E.f 
E,c • 
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If E is adjustable to the -th of an ohm, then the above 
quantity should not exceed 

(El - E,)^ ^ 1 

c being the figure of merit of the galvanometer, and Ei and Eg 
being both in voUs. 

Pi should be about equal to ^. Ej and Es should di£fer as 

much as possible. 



Possible Degree of Accuracy attainable. 

200 (Ei-EaV 
Percentage of accuracy = x -ny ■c^ ; 

or if pi nearly equals ^ , 

400 (Ei-E^y 
Percentage of accuracy = — X -c, -u^ • 

p JCii J1j2 

If the test is made by obtaining the result from formula [5], 
page 102, the resistance ri of the battery being very small, then 
it is not difficult to see, from the investigation given in 
Lumsden's test, that the percentage of accuracy attainable is 

100^^ (E,-E.)» ^ 
p El Eg 

Also we should make p as high as possible, but not so high 
that 

p(g|+,) 

exceeds 

(E. - E«)' 
B. c 
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Clark's Method. 

Tliis is a valuable modification of Poggendorflfs method, and 
is shown in theory by Pig. 30. a h, which takes the place of B 
in Foggendorff's method, is a s)ide resistance; Es is a third 
battery which is connected to a slider through a galvanometer 

Now if we suppose equilibrium to be obtained in both galva- 
nometers, we must have from [5], page 102, 



and also 



from which 



El : Ej : : ri + p + a + 6 : a ; 
E, : Es : : a + 5 : a. 



K then we take a + hix> represent the electromotive force of 
the standard battery Eg, a wiU represent the electromotive 
force of the battery Ej. 

In making this test practically, the battery Eg, which would 
be the trial battery, being disconnected from the slide resist- 



FiG. 30. 



Fig. 31. 





ance, balance 
by adjusting 
nometer Gi. 
moved until 
meter Os* 
The great 
standard and 



would be obtained with the standard battery E, 
p until no deflection is observed on the galva- 
Es would then be connected up and the slider 

no deflection is observed on the second galvano- 

advantage of Clark's method is that both the 
the trial battery ax© comj^ii^d under the same 
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conditions, thatr is when no current is flowing in either of 
them ; this is a great point, as errors due to polarisation are 
avoided. 

It must be evident that if equilibrium is not produced with 
the trial cell, the balance in the standard cell circuit will also 
be disturbed; it would therefore seem possible to dispense 
with the galvanometer Gg, but inasmuch as the current which 
would flow through the galvanometer Gj would only be a 
fraction of that flowing out of the battery Eg, we should not 
be able to make a measurement with nearly such a degree of 
accuracy as we could if we employed the galvanometer Gs, 
which would be acted upon by the fuU force of the current. 

To determine the best arrangement of resistance, &c., for 
making the test, let us suppose that there is a small error X in 
E3, caused by a corresponding small error in a, and let us find 
what effect this error has upon the current which would flow 
through the galvanometer Gs. Supposing then that Oi is the 
new value of a which causes this error, then, keeping in mind 
that a + h being a slide resistance is not altered by changing a, 
we have 

or 

Eg 

We next have to determine what the current flowing through 
the galvanometer, when equilibrium is disturbed, is equal to. 

Referring to Fig. 31, in which m, w, a, &, and g, represent the 
resistances, and Cj, C2, Cs, K| and k, the current strengths in the 
various circuits, we have 

Ci + C,+ C8-ICi=0 
Ki — C3 — Kg = 
ICj — Cx — Cj = 

Cj m + Ki flj + icj 64 — Ej = 
C2 n + f 1 ^1 H" f a ^1 "" Eg = 
Cs Gs + Ki Cj — Bj = 0. 

We know also that 

E; : Ba : : m + »! + &i : Oi + K 
and 
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By finding then the value of Cj from the first equation and 
substituting its value throughout the others, and then again 
the value of C2 from any other equation, and again substituting 
throughout and so on, and also substituting the value of Ei 
obtained from the proportion, and again the value of Oi + &», 
we shall find that 



. [3] 



If in this equation we substitute the value of a^ given by 
equation [2], we shall get 

_ X . 

\ m + n/ 

a + 6 -j ■ — 

w + » 

or as ttj and 61 are very nearly equal to a and 6, we may say 

a + + 



m + n 
On examining this equation we see that to make c^ as large 

as possible we must make as small as possible, 

* m + n 

but we also see that it is no use making it much smaller than 
Gs, as Cs is but very little increased by so doing. 



\ m + nj . 



Now the quantity is the resistance a com- 

a + h-^ r- 

m + n 

hined in multiple arc with the resistance h plus m and n combined 

in multiple arc, consequently this quantity c«jni«y«t \i^ ^voaler 
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than a. As long therefore as a is smaller than Gs, the highest 
values that can be given to the other resistances cannot make 

Cs less than 7= , whilst, on the other hand, however low we 

1*8 + a 

make these resistances we can never make Cs greater than ^r' 

The value therefore we give to a practically determines the 
sensitiveness of the system. But as a is only a portion of the 
slide resistance a + h, and as it may include the whole of the 
latter, as for instance when the slider is moved quite to the end 
of a + h, the sensitiveness is practically dependent upon the 
value given to a + 6. This must then be made as much lower 
than Gs as may be desirable. 

It would not do however to have its resistance excessively 
low for the following reason : — 

In order to get equilibrium on the galvanometer Gg, it is 
necessary that the relation 

or 

ri+ P 



a + h =z 



^-1 



r 4- 
should hold good. This cannot be the case, however, if ^ 



^-1 

is greater tlian a + b; tiiat is to say, if a + & is very small 

=^ must be very small also ; but to make the latter small 

-^- 1 

E, 

we must make E^ large and n + P small, but since r^, the resist- 
ance of E„ will increase by increasing Ei it may be impossible 
to do this. Practically we may say the resistance of a + b 
should be a fractional value of Gs. 

Let us now determine the degree of accuracy attainable by 
the method. In equation [1]^ page 109, we have supposed that 
an error X has been caused in Eg by a being out of adjustment ; 
that is to say, from the slider being moved a little too far, so 
that a becomes Oi. If we call <f} the distance the slider has 
been moved beyond its correct position, then we have 

P J. X - ^2 (a + 0) Eg a Ea 
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but 

E8 = 



E2 a 



therefore 

E, 



that is to say, the distance the slider is out of position, re* 
presents directly the error X in Ea. The degree of accuracy 
therefore with which we adjust the position of the slider will be 
the degree of accuracy with which we can measure E,. 

We have pointed out that if a + & is small, — : ^ 

a + h + 



m + n 

will be smaller still ; if therefore Gs is large compared with 
a + hj equation [4] (page. 110) becomes 

X 

If in this equation we put the value of X, given above, we have 

_- Eg 

^ GsCa + b)' 

or 

a + h" ~%' 

This equation enables us to determine what movement of the 

slider produces a readable deflection on the galvanometer. With 

a Thomson galvanometer of 5000 ohms resistance and fl^re of 

1 

°^®^* "^ 1,000 000 000 ^^^® ^"^^ ^® ®^°^^^ ^^^®' supposing E, 
to be 1 volt, 

__ 5000 1^_ 

a + h" 1,000,000,000 " 200,000 ' 

or a movement of the slider equal to -^jnj.jnny^^ of the length of 
a -f-b woidd produce a readable deflection ; that is to say, we 
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could determine tJie accuracy of an electromotive force Es of 
about 1 volt to an accuracy of ^^^^^^^ th. 

•^ 300.000 

To obtain this accuracy, however, it would be necessary to 
have the wire a + h graduated into 200,000 parts, each of which 
would be very small, unless indeed the wire were very long. 
If a lesser number of graduations were employed, we could 
practically subdivide each of them by noting what the galvano- 
meter deflections were when the slider stood, first at one 
division mark, and then at the contiguous mark. 

Suppose the slider stood at a distance a from the end of the 
slide wire, and a deflection due to a current c^ was produced 
to one side of zero, and suppose that when the slider was moved 
one division forward, that is to a + 1, the deflection was on the 
other side of zero, or was produced by a current — €2. Then we 
have from equation [3], page 110, since a and a + 1 are very 
nearly equal, 

Es — E2 

and 



a + h 



K 



-Ca 



a + 1 _, ^ a Eo 

^ ^a + a + h a + h 



K K 

therefore 

Ci Eg — Ci Ea , — Ci , = — Cg Eg + Cg Ea — — ; • 
a + a + a + h' 

or 

therefore 

Ea : Ej : : o + 6 : a + 



Cil 



C1 + C2 

The subdivision of the division beyond a is therefore given 
by the fraction — -j— . We have seen that we could get a 

Ci + Cg 

deflection of one division on the galvanometer if the slider were 
moved a distance of ^^^^^^^ th beyond the distance required to 
give equilibrium. Tf the wire a + h were divided into 20,000 
parts, then a movement of the slider through one part or 
division would give ten divisions of deflection on the galvano- 
meter, each division representing a tentti oi ou"^ oi \)aa ^wet^ 



114 HANDBOOK OF ELEGTBIOAL TESTING. 

graduations. If in making a measurement we got a deflection 
Ci of seven divisions to ^e left when the slider stood at a 
distance a from the end of the wire, and a deflection of three 
divisions c, to the right when the slider was moved one wire 
graduation beyond a, then the position of the slider for exact 
equilibrium would be 

The galvauometer can thus be made to act as a vernier, and the 
greater the deflection produced by a movement of the slider 
through one division of the graduated wire, the greater will be 
the accuracy with which a test can be made. 

The general results that we arrive at from the foregoing 
investigations are as follows : — 

Best Conditions for making the Test. 

Let the slide wire a + i^ 1)0 a fractional value of the resistance 
of the galvanometer Gs, but not so low that it is less than 

E, 

The values given to the other resistances and electromotive 
forces do not affect the sensitiveness of the arrangement. 

Possible Degree of Accuracy attainable. 

Percentage of accuracy = — = • 

» . 
Mr. Latimer Clark employs a platinum-iridium wire, of 40 

ohms resistance, wound spirally on an ebonite cylinder, for the 

slide resistance. The edge of the cylinder being divided into 

1000 equal parts and there being twenty turns to the cylinder, 

the whole wire is divided into 20,000 equal parts. By employing 

with this instrument (which combined with the batteries and 

resistances is called a " Potentiometer *') a galvanometer with a 

high figure of merit, and a standard battery Eg of one Daniell 

cell, a movement of the slider of one division, after equilibrium 

has been produced, will produce a deflection of fifty divisions. It 

is possible, therefore, to measure an electromotive force of one 

DanieU ceU to an accuracy of ^^ qqo ^ ^ = i^oOO.OOO* '^- 
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CHAPTEE VIII. 

THE WHEATSTONB BRIDGE. 

The theoretical arrangement of the Wheatstone Bridge, or 
Balance, is shown by Fig. 82. It consists of four resistances a, 
&, d, and a;, arranged in the form of a parallelogram, a battery 
occupying the place of one, and a galvanometer the place of the 
other, diameter. When the four resistances are so adjusted that 
equilibrium is produced, that is to say, when no current passes 




through the galvanometer, then these resistances bear a certain 
relation to one another. This relation may be thus deter- 
mined : — 

When equilibrium is produced, the points A and C have the 
same potential; the galvanometer may, therefore, be removed 
without altering the strengths of current in the other parts of 
the bridge; and, further, we may join the points A and C 
without affecting the streneths. Let us first suppose the points 
A and C to be separated ; then the joint resistance given by the 
four resistances between the points B and E will be 



(a + x){h + d ) 



\^ 
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If, how, we join A and C, the resistance may be written 

ah dx 

a-\-h d-\-x* 

which is equal to the former expression, that is, 

(a -{- x) (h -\- d) ^ ah , dx 

a -\- X -\- b -\- d " a-\-h*' d-\- X 

By multiplying up and simplifying we get 



therefore 



from which 



{ad - hxy = 0, 



a x 
b^d' 

If, now, three of the quantities in this equation are known, 
the fourth can be determined ; thus : 

ad 

In the most general form of bridge, two of the resistances are 
fixed, and a third is adjustable, the fourth being the resistance 
whose value is to be determined. 

As a rule, we should make b and a the fixed resistances, x the 
resistance whose value it is required to find, and d the adjust- 
able resistance. 

In the simplest method of measuring we should make b and a 
of equal value, in which case 

X = d; 

that is to say, the resistance which is between A and E when 
equilibrium is produced, gives the value of the unknown 
resistance. 

It is absolutely necessary that there be some resistance in a 
and b, for otherwise the galvanometer is short-circuited, and 
equilibrium, as far as the galvanometer is concerned, will be 
always produced, no matter what resistances we have in the 
other two branches. 
Besides using equal resistances in b and a, we can make 
one of the two to be 10 or 100 timeB a;^ groaA. ^^ \i\i<^ oibi^r^or^ in 
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fact, any multiple of it we like, but multiples of 10 are those 
most commonly used. If, when we are measuring a resistance 
X, we make h 10 times as large as a, then every unit of resist- 
ance in d represents -j^th of a unit in a;, for in this case 

d 
X = — • 
10 

We can, therefore, by this device determine the value of a 
resistance to an accuracy of -j^^th of a unit, although d is 
adjustable only to units. In l^e manner, if we make b 100 
times as large as a, then every unit of resistance in d represents 
•j^th of a unit in a; ; for in this case 

- JL 

^ " 100 ' 

and we can thus determine the value of a resistance to an 
acctiracy of i^th of a unit. In .the first instance, however, 
the value of d when adjusted would be 10 times that of x ; we 
could not, therefore, in that case measure a resistance whose 
value was greater than -j^^th of the total resistance we could 
insert in d ; and in the second instance d would be 100 times 
as great as a; ; we could not, therefore, in that case measure a 
resistance greater than i-Jir^^ of the total resistance in d. In 
fact, the larger we make d the closer will be the degree of 
accuracy with which a measurement can be made, but, at the 
same time, the smaller will be the resistance which can be 
measured, unless extra resistance coils are added in between 
AandE. 

There is, however, a limit to the degree of accuracy with 
which a resistance can be thus measured, which is dependent 
upon the sensitiveness of the galvanometer ; of this we shall 
speak hereafter. 

If, now, we wish to measure a resistance which is greater 
than the total resistance we can insert in d, we must make a 
larger than b. If a be made 10 times as great as b, we can then 
measure any resistance which is not greater than 10 times the 
resistance we can insert in d ; but as in this case one unit in d 
represents 10 units in x, we can only be certain of the value of 
X within 10 units. In like manner, if we make a 100 times as 
great as &, we can measure any resistance which is not greater 
than 100 times d, but we can only determine its value within 
100 units. 

The practical method of joining up tioiQ \>iij3l^<^ \& ^^^^^miVj 
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Fig. 33. When the connections are made, and the proper pings 
removed from A B (h) and B C (a), the right-h&nd key must be 
pressed down to put on the battery current. Plugs are now 
removed from E A (d) until we have inserted a resistance, as 
near as we can guess, equal to the resistance we are going to 
The left-hand key is next pressed down, and plugs 



measure. 



Fig. 33. 





301 




lOM MO W 10 ItO MOO 



. L . 



J i 

toa^ 100 4 : t o M 
♦o« woo 0^ «e«o 4000 



A^ 






m\~ 




removed or shifted from EA (<^ until no movement of the 
galvanometer needle is produced upon raising and depressing 
the left-hand key. 

If the galvanometer used is a very sensitive one, with a filar 
suspension, the left-hand key must not, at first, be pressed 
firmly down, but only snapped down sharply; for otherwise, if 
equilibrium is not very nearly produced when it is depressed, 
there is a danger of breaking the fibre of the galvanometer 
needle by the violent deflection. When, however, after repeated 
trials, we have very nearly obtained equilibrium, then the key 
may be firmly depressed, and the final adjustment of plugs 
made. 

Besides the method of joining up, as shown by Fig. 83, we 
may also join up by placing thie battery between A' and C, and 
the galvanometer between B' and E ; this renders the action of 
the galvanometer more sensitive than by the common arrange- 
ment, under certain conditions. What these conditions are, and 
what Bhould be the general arrangement of the resistances in 
the bridge in order that a test may \)e ixvfiA^ -vmi^^t ^^<^ b^&t 
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possible conditions for ensuring accuracy, we will now proceed 
to consider. 

To investigate these questions it is first of all necessary 
to find what relation the current which flows through the 
galvanometer when equilibrium is not produced, bears to the 
different resistances which make up the bridge. 

In Fig. 34 let a, 6, di, a?, gr, and r be the resistances of the 
different parts of the bridge, also let Cj, Ca, C3, C4, Cg, and c^ be 

Fig. 34. 




l|^^lNl-^ 



the current-strengths in the same, and let E be the electro- 
motive force of the battery. 

Applying Kirchoflf's laws, we get the following six equations 
as representing the connection between the resistances, current 
strengths, and the electromotive force. 



C5 — Ci — C2 



= 0. 

C^ "" Cg ^ Cj =^ u. 
C3 -f- Cg ^ C2 = u. 

c^r + c^d, + C26 - E = 0. 
Cja — C26 — c^g = 0. 
CjdjL — c^x — c^g = 0. 



[1] 

[2] 
[3] 

[4] 
[5] 
[6] 



From these equations we have to find the value of Cg, the 
current flowing through the galvanometer. 

By finding the value of Ci from equation [1] and substituting 
its value in equations [2] and [5] we get rid of it ; and in like 
manner, by finding the value of c^ from equation ^\ ^sA 
substituting throughout we get rid o£ c^, ^^ ^o^^lva^ "Caa 
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same process with respect to c^ and 04 we shall finally get 
equations [5] and [6] to become 

e^a - c^a - cfi - c^ - («+ ^) b + d, ^ "^ ^* ^^^ 

From these two equations we get 



cUr(di+x)+x{ b+d,) ) ^ -c^(hg+d,g+hx+hd,)+lEl(d,+x) 
06 (r (o+6)+a(6+d,) ) c^ {ad,+bd,+hg+d,g)+-E\ {a+b) 



[7] 



Ce = 



from which 

E (orf, — 6a?) A 



c,= 



This equation gives the strength of the current which would 
flow through the galvanometer if the resistances were arranged 
as shown by Fig. 34. 

Suppose now the battery occupied the place taken by the 
galvanometer and vice verad, or in other words, suppose the 
galvanometer connected the junctions of a with 6, and d^ with 
X, and the battery connected the junctions of a with «, and 
b with di, then the current (C7) flowing through the galva- 
nometer would be 

E (ad^ - bx) __A 

If we subtract the one equation from the other, we get 
Ce- (h = g-^(gr-r) (^(di + x){a + b) -- (a + x)(b + di)\ 

" 5717 ^^ - *•) (^ - ^0 («^ - ^) • 

In this equation, if g is larger than r, and both a and x are 
respectively larger or smaller than di and b; or if r is greater 
than g and at the same time both a and & are greater than di and 
oj, then Cg — c^ will be a positive quantity, that is, Cg will be 
greater than c^. 
But Cg 18 the current obtained \>y iLe «i.TtQiii^emQnt of the 
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bridge indicated by Pig. 34; and on examination it will be 
found that when the resistances have the relative magnitudes 
indicated, the greater of the two resistances g and r connect the 
junction of the two greater with the junctioii of the two lesser 
i^esistances; consequently, as this arrangement gives the greatest 
current through the galvanometer when equilibrium is not 
produced, it must be the best on^ \» employ. 

In practice it is almost always the case that the galvanometer 
has a higher resistance than the testing battery. 

We have next to consider what should be the relative values 
of a, b, <l|, and x in order that the bridge test may be made under 
the best possible conditions. 

There are several different considerations involved in these 
questions, but we will investigate the problem from a general 
point of view first. 

Equation [8] shows the relation between the current and the 
resistances. In this equation, as equilibrium is very nearly 
produced, we may, except where differences are concerned, put 

a dt = ad = hx, or, h = — , 

X 

d being the adjusted resistance when equilibrium is exactly 
produced. 
We then get 



Ce = 



"Ex (adi -^hx) 



{g (a + x) + a(d + x)} {r(d + x) + d(a + x)} 



•[1] 



Let us now suppose that the error in di which causes the 
current c^, produces an error X in a?, or that 

X + X == -r-^ or ad^=^hx + hk, 



and as 

, hx 
a = — I 
a 

therefore 

^hxX 



Ca = 



EX 
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Tliis equation shows what current would be produced in the 
galvanometer supposing that d was not exactly adjusted for 
equilibrium, the amount of error in d being such as to cause an 
error A. in x. 

Now our object is to make A, as small as- possible, and this we 
shall do by making the error in c2 as small as possible. But the 
accuracy with which we can adjust d is limited by the degree 
of closeness with which the movement of the galvanometer 
needle from zero can be observed. In other words, if c^ is the 
smallest current which will produce a readable deflection 011 
the galvanometer, that is to say, if e^ is its figure of merit,* then 
the value of A, which corresponds to c^ will be the amount of the 
error which we are likely to make in x. 

If we write the last equation in the form 

cs{l{9 + h)+g + x] {a(l + r)+r + x] 

A g , LAJ 

we can see that X is smallest when the numerator of the fraction 
is smallest, and we must determine the values of a and h which 
make this numerator as small as possible. This we could do by 
differentiating in the usual manner ; but the result we should 
arrive at, although it would give the values of a and h for making 
X an absolute minimum, would not be one which would be of 
much practical value. The use of the equation is rather to 
determine how large or how small we may make a and h without 
seriously increasing X. It is manifestly neither convenient nor 
desirable to be bound by a hard and fast rule unless there is 
something very material to be gained by it; and in all questions 
of the kind our object should rather be to determine how fkr we 
may transgress the exact rule without losing the point we have 
in view. 

On examining the equation, we can see that if in the left-hand 
bracket we make h small, we make the value of this bracket 

X 

small, since - (g + h) will be small ; but we can see also that we 
a ^ ' 

gain but little by making h smaller than g. On the other hand, 

we can see that if we make b small in the right-hand bracket, 

we make the latter correspondingly large, since we make 

a ( 1 + T ) large ; though as long as we avoid making b smaller 

than r, the value of a f 1 + 7 ) cannot be great. 

• PageSl. 
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From this it appears that it is best to make h smaller than g, 
bnt larger than r. Although we may ^ve any value to h 
intermediate between g and r without making X large, yet it is 
as well to bear in mind that there is a sHght advantage in 
making h nearest in value to the lowest of the two quantities 
g and r ; that is to say, if r is less than g th'bn we had better 
make h nearer in value to r than to g ; but if g is less than r, 
then b had better be nearer in value to g. This we shall do if 
we make b as nearly as possible equal to the geometric mean of 
the two quantities ; that is to say, if we mi^e b as nearly as 

possible equal to j^gr. 

We have next to determine what value should be given to a : 
this we can best do by writing equation [A] in the form 






{i(«+»)+»+'}!°+(^>(('+D 



E 

We can then see that a should not exceed ( , j 6, or be less 
than X ; and preferably we should make a as nearly as possible 

«l.al to Vl^- 

When we have calculated the values best to give to a and h 
we can determine the value of X from equation [A]. 

Far example. 

It being required to measure exactly a resistance x whose value 
was found by a rough test to be about 500 ohms, a ten-cell 
Daniell battery (E = 10) whose resistance was 200 ohms (r) 
was used for the purpose, and also a galvanometer whose resist- 
ance was 6000 ohms (g) and figure of merit ^ ^^^ ^^^ ^^^ (ce). 

What resistances should be given to the arms a and b of the 
bridge in order that the test may be made under the most 
&vourable conditions, and what percentage of accuracy would be 
obtainable imder these conditions ? 

X = 600 
g = 6000 
r = 200. 



Therefore make b = V^OOO x 200 = 1000 and make a 
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{|§^(6000+1000)+5000+600|J600(^l+^)+200+500}=-00l5 



1,000,000,000 X 10 

that is to say, we may be • 0016 units out when we measure x 

XI.. • . 1 X X "0015 X 100 ^^^^ 
exactly ; this is equivalent to ^^ = • 0003 per cent. 

In order to make the test as accurately as this, it would be 
necessary that d be adjustable to a small fraction of a unit ; if 
we call the value of the latter, then we should have 



a(<! + 0) ad a<l> 

* + ^= — h — =T + X 



and 



therefore 



ad 
X = — : 
h ' 



a<h , h\ 

X = — or = — 
a 



We therefore have 

, 1000 X '0015 ^.. 
^= 600 = '^^^' 

showing that d ought to be adjustable to '003 of an ohm or 
less. If we make it adjustable to '001 or yj^th of an ohm 
therefore, we shall be able to make the test properly. 

The facts we have arrived at by the foregoing investigation 
are these, that with a = 600 and h = 1000, when equilibrium is 
exactly produced, then an alteration in the value of d equal to 
•003 of an ohm, or -j^ths (which quantity would mean an 
error of '0015 units, or '0003 per cent, in x\ would produce 
a readable deflection (1 division) on the galvanometer. 

In the example we nave taken, we have supposed (/ to be larger 
than r, and the values we have found best to give to a and h are 
such that we have g connecting the junction of the two larger 
with the two smaller resistances. This, we have previously 
shown, should only be the case if g is greater than r. If then r is 
greater than gr, the connections must be the reverse of those shown 
by Fig. 34, and we must make h greater than g and less than r ; 

also we must make a greater than ( - l h and less than x. 
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"We have then 

Best Conditions for making the Test. 

First make a rough test to ascertain approximately the value 
of aj. 

If g IB greater than r, make h greater than r and less than g^ 

and preferably as near to ./grr as possible. Make a greater 

than X and less than f "^ ^ j 6, and preferably as near to 

\/[ . , jbx AS possible. If g is less than r, make h less than 
r and greater than g, and preferably as near to Vgrr as possible. 
Make a greater than x and less than ( , j6, and preferably as 

near to \/\- r) hx a.B possible. 

The larger of the two resistances g and r should connect the 
junction of the two larger with the junction of the two smaller 
resistances a, h, c, and d. 

It is clearly advantageous that E should be as large and r as 
low, as possible. 

Possible Degree of Accuracy attainable. 
Percentage of accuracy Aj = , wnere 



«6 



^{g + V) + 9 + ^]{^(^+l) + r + x^ 



^- E 

e^ being the figure of merit of the galvanometer. 

In order to obtain this percentage of accuracy, d must 

be adjustable to not less than — units or — ^th of a unit. 

In the foregoing investigation we have considered the exact 
conditions required for a maximum degree of accuracy, and we 
have seen that in order to attain this it is necessary that d be 
adjustable to a fraction of a unit. At the commencement of the 
chapter, however, we saw that if d is only adjustable to units, then 
in order to obtain the greatest possible accuracy we should ixvi&k& 
d as much larg'er than x as possible, as by bo Siom^ ^^ ^^\. ^^<^^ 
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range of adjustment. Bnt, as we also stated, there is a limit to 
thus increasing d, for unless we are able to adjust d accurately 
we can gain nothing by having the range of adjustment so large. 
Now to adjust d we note the deflection of the galvanometer 
needle, and when this becomes we know that d is adjusted 
exactly right ; but if an alteration of several units produces no 
perceptible effect on the deflection we may just as well have d 
of a smaller value. Thus, supposing we have b 10 times as 
great as a, that is (2 10 times x ; then if an alteration of 10 units 
in d only just affects the galvanometer needle, it is evident that 
we cannot adjust d to a closer accuracy than 10 units, and 
consequently cannot obtain the value of a; to a closer accuracy 
than 1 unit. If we have b equal to a, that is, d equal to a;, then 
if we can adjust d within 1 unit, we shall in this case obtain the 
value of X to an accuracy of 1 unit, that is, with just as much 
accuracy as we could in the flrst case, when d was 10 times x. 
It is even possible that we could obtain the value of x more 
accurately in the latter case, for it may be that an alteration of 
1 unit in d when b equals a may produce a much greater move- 
ment of the galvanometer needle than does the alteration of 
10 ohms when & is 10 times a. Whether this is so or not is one 
point we have to determine. 

We have also to find what should be the absolute values of a 
and 6, their relative values being known. Thus, for instance, 
if we determine that b shall be 10 times a, would it be best to 
make b 100 ohms and a 10 ohms or b 1000 ohms and a 100 ohms? 

We have seen that in order to obtain accuracy it is necessary 
to make d as high as possible, but the highest useful value we 
could give to d would be that which produces the smcdlest readable 
deflection when it ia 1 unit out of adjustment. As the deflection 
will be limited by the values given to a and 6, we must deter- 
mine the best value for the latter. Inasmuch as the values given 
to d and a will determine the value given to 6, what we require 
to know is the value of a which will make the galvanometer 
deflection as large as possible, that is, which will enable (2 to be 
as high as possible. 

If in the equation 



EX 



Ce = 



{l{g + h) + g+x^a(l+^^^ + r + x^ 

we put 

, ad 
6 = — J 

X 
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we get 

EX 

Ce = • 

From this we see that we should avoid making a less than x. 
We do not care to know how large we may make a since this 
will involve b being extremely high, which is undesirable. 

The value of the error k will vary according to the value 
given to d ; therefore, in order to determine how large we may 
make d, we must give A, its variable value. 

We have 



and 



a{d+l) ad a 



ad 
X = — 

6 



[A] 



therefore 



We have then 



ax 



Etc 



E» 

{«?(^+l) + d + «|{d(aH-r + <t) + r«} 

From this equation, then, we have to determine the highest 
value we can give to d ; this will be limited by the figure of 
merit of the galvanometer. If, therefore, we write the equation 
in the form 

{9{l + '^ + d + x\{d(a + r + a,) + rx} =^ [B] 

and give to c^ the figure of merit of the galvanometer, we can 
determine the value d can have, by solving the equation. This 
can best be done by the trial method, that is, by trying different 
values until we find one which nearly &atia&^ \3[i<b ^iK^v\d^<;ss:L« 
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For example. 

Suppose E = 10, 

X = 600 (from a rough test), 

g = 6000, 

r = 200, 

f» — 1 

^ 1.000. ooo.ooo' 

then make a = 500. 
We then get 

|5000(l + ^) + (l + 500f {d(500 + 200+500) + 200 x 600} 

= 10 X 600 X 1,000,000,000. 
or, { 10,600 + d} { d(1200) + 100,000 } = 6,000,000,000,000. 

If we make d = 60,000 we shall very nearly satisfy the 
equation, for 

{ 10,600 + 60,000 } { 60,000 x 1200 + 100,000 } 

= 6,083,000,000,000. 

As the value which d will have will depend upon the value 
given to 6, the latter must be made equal to 

h = Mx_6o^ ^ eo.ooo. 

As regards the degree of accuracy with which the test can he made^ 
we have seen on page 127, that 



We therefore have 



X 



600 ^^^„ 

60,000 ' 

which equals 

rjwj = '0017 per cent.; 

this compares unfavourably with the result obtained when the 
test was made with d of a low value and adjustable to -j^^th 
of a unit, the percentage of accuracy in the latter case being 
• 0003 per cent. To summarise the results of the investigation, 
we have 
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Best Conditions for making the Test. 

Make a as low as possible but not lower than x. 
Make d as high as possible but not so high that 

[g(l+l) + d + x^{d(a + r + x) + rx} 

is greater than — ; Ce being the figure of merit of the galvano- 
meter. 

Possible Degree of Accuracy attainable. 

Percentage of accuracy Ai = = —j- . 

If we make d adjustable to any particular fraction of a unit, 
we can tell the degree of accuracy with which x could be 

measured, for if in equation [A], page 127, we put - instead of 

1, we get 

X 

nd 



and equation [B], page 127, becomes 

1 Ea? 



{g(} + l) + d + x^{d{a + r + x) + rx} = l 



If in this last equation we give to - the fractional value to 

n 

which d is adjustable, we determine the degree of accuracy with 

which we can make the test. 

For example. 

Suppose d was adjustable to -jV*^ ^^ * ^^^* ( ~ )> then we have 

(giving to X, a, g, and r the values used in the previous 
examples) 

{ 10,500 -f- d} { d(120q) + 100,000 \ = 50Q,QQ^,^^^.^^^. 



130 HANDBOOK OF ELECTRICAL TESTING. 

If we make d = 16,000, we ahall very nearly satisfy the 
equation, and the percentage of accuracy with which x would 
be measured would be 

X 

STS ^ ^^^ 100 100 ^^^,„ 

\i = = —J- = T?r T^-TvT^A = '00062 per cent. 

* X nd 10 X 16,000 ^ 

At the commencement of the chapter we saw that by making 
h 10 or 100 times as great as a, and consequently d 10 or 100 
times as great as aj, we were enabled to measure a; to an accuracy 
of T^th or y^th of a unit, although d was adjustable to uniti3 
only. Every unit in d, in fact, represented -j^th or -rjjyth of a 
unit in x. But to measure to an accuracy of y^th of a*unit, with 
the form of bridge shown by Fig. 5, page 13, the resistances in 
a and b have to be 10 and 1000 respectively, we have no other 
choice of resistances. 

In the investigation we have made, we have seen that a 
should not be less than x, but in the bridge as usually arranged, 
if we wished to have a and h in the proportion of 1 to 100, so 
that we could measure to the accuracy of -rirr*^ ^^ * unit, we 
might find that we should have to very considerably transgress 
the rule of not making a sijaaller than a?, unless indeed x were 
a low resistance ; for inasmuch as we could adjust the resist- 
ances in the bridge so as to theoretically measure a resistance 
of 100 ohms to an accuracy of T^(7th of a unit, if the resistance 
were as high, or nearly as high, as 100, it would be 10 times, or 
nearly 10 times, as high as we could make a. Under these 
conditions then the bridge is not in a favourable condition for 
ensuring an accurate test. 

We say it is not in a favourable condition for ensuring 
accuracy, but it does not follow therefore that we cannot 
measure a resistance of 1000 ohms accurately to an accuracy of 
■j^th of a unit with such an arrangement. A galvanometer 
if very sensitive, may, although the conditions are unfavourable, 
still give a sufficient deflection to enable us to exactly adjust. 

What, then, it may be asked, is the practical value of the 
results we have theoretically arrived at ? The value is this : 
the results show that if we find we have not got sufficient 
sensitiveness to obtain a good test, what may be the cause of it, 
and therefore how we can remedy it. The results further show 
that the values given to a and b in the bridges as ordinarily 
arranged are such that only certain resistances can be measured 
under the best conditions for ensuring accuracy. The con- 
ditioDS are particularly unfavouxable^hfin. very high resistances 
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have to be measured. Thus,* for measuring resistances from 
100,000 to 1,000,000, we must make a = 1000 and 6 = 10 ; a will 
then be from about 100 to about 1000 times less than it should 
be, and Ce will consequently be proportionately small. 

Measukement of a Eesistance when exact equilibrium cannot 

be obtained. 

It very often happens, especially when measuring small 
resistances, that exact equilibrium cannot be obtained in the 
bridge ; thus one unit too much in d may give a deflection to 
one side of zero, and one imit too little, a deflection to the other 
side of zero, and as no nearer adjustment can be made, the exact 
value of X is not directly determinable. If, however, the values 
of the deflections be noted, the true value of x can be obtained 
very closely. 

On page 120 we have an equation [8] which gives the value 
of the current (cg) passing through the galvanometer when 
equilibrium is not produced. 

If then d' be the resistance which is too small, and which 
causes a current c' which deflects the galvanometer needle to 
one side of zero, and if d" be the resistance which is too large, 
and which causes a current which deflects the needle to the 
other side of zero, then calling c" this current we have two 
equations, viz. 

, ad'— hx , „ ad" — hx 

where B' and B" are quantities corresponding to Bj in equa- 
tion [8]. 

Now, since d' and d" are very nearly equal, B' and B" may 
be taken as being equal without sensibly altering the relative 
values of c' and c" ; therefore, we may say 

c' ad! — hx 
"7'"^ ad" - hx ' 

that is, 

c'ad" "dbx^ c"bx - c"ad\ 

or 

a (c'd" + c"d') 
6(0' + c") 
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But as d" would be only 1 unit larger than d', that is, as 

d" = d' + 1, 

therefore 

_ a (c'd' + c' + c"d') a {d! (c' + c") + c') a / c' \ 

^ " b{c' + c") " b{c' + c") " 6 V C + c"/ 

For example. 

a and h being 10 and 100 ohms respectively, when d' was 
adjusted to 156 ohms a deflection of 15 divisions (c') was ob- 
tained to one side of zero, and when d' was increased to 157 
ohms, a deflection of 20 divisions (c") to the other side of zero, 
was observed. What was the value of a; ? 

10 /._ 15 

X = 



1000 



(^^^+1^+20)== '•'^''^^"^- 



Slide Kesistance Coils Bridge. 

Instead of fixing a and h and varying d, we may make a 
a fixed resistance, and 5 + d a slide resistance, and vary the 
ratio of h to d. Either a slide wire or a set of slide resistance 
coils, such as that indicated by Fig. 6, page 13, may be used. 
The former would be employed if 6 + d is required to be a low 
resistance, the latter if a high resistance is necessary. 

A set of coils allows of but few different ratios being given 
to h and d, unless indeed the number of coils is very large, 
which would be both a cumbersome and an expensive arrange- 
ment. 

Mr. Yarley, by means of a movable derived circuit, reaching 
across two of the coils, has devised a means of subdividing each 
of the latter. This arrangement is shown by means of Figs. 35 
and 36. Keferring to Fig. 35, let us suppose that equilibrium 
is produced so that no current circulates through the galvano- 
meter. This being the case, the points and A may be joined 
without altering the current strengths in the various circuit& 
Let us suppose this junction to be effected ; then, by applying 
Kirchoff 's laws, we have the following relations existing between 
the current strengths and the resistances in the system. 

^2 ■" C3 ^ C4 = iA 

Ci flj — C5J 6 — C4 Pi = 0. 
Ci a; — C2 d — C4 p2 = 0. 

C4 Pi + C4 p4 — CaK = ^- 



THE WHEATSTONE BBIDGE. 



133 



By substitution we get 

Now if in these equations we make k = p, -(- p„ and divide 
the one equation by the other, we get 

a ^2 



X 



'+1 



This equation shows that if the slide resistance p, + pj be made 
equal to the portion k of the slide resistance h + k + d which 
it encloses, then the values of the resistances between the 




points B A and E A will be to one another, as the resistance 6, 
plus half the resistance pi, is to the resistance d, plus half the 
resistance pg. 

If, therefore, we have b + k + d formed of 11 coils of, say, 

10 ohms each, and pj + pg of 10 coils of 2 ohms each, that is, 20 
ohms (pi + Pa) in all, and further if the slider Sj (Fig. 86) bridges 
across two of the 10-ohm coils so as to enclose a resistance of 
20 ohms (k), then a movement of slider Si from one contact to 
the next represents an alteration of 1 ohm in the ratio of B A 
to E A, whilst a similar movement of the slider Sg represents 
an alteration of 10 ohms. We can thus, by means of the 21 coils, 

11 of 10 ohms each and 10 of 2 ohms each, obtain 100 ratios of 
B A and E A, each differing from the next "by 1 okm.. 
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We could, if required, have a second slider like Sg to move 
along pi + pj, and connected to a third set of coUs along which 
the slider Si would move; by this means the differences of 
1 ohm could be subdivided into ^ths of an ohm. In fact, we 
could have any number of sets of coils with sliders, each carry- 
ing out the subdivision to a greater degree of nicety. 

When we come to make very small subdivisions, such, for 
instance, as subdividing i^th of an ohm into 10 parts of xW^^ 
of an ohm each, it would be inconvenient to employ a set of 

Fig. 36. 




small resistances, as they are difficult to adjust exactly; slide 
wires may therefore be employed with advantage for the 
purpose. 

A bridge constructed with slide resistances in the manner 
indicated is not of much use for general purposes, on account of 
its being necessarily rather expensive. It is a useful arrange- 
ment, however, if measurements have to be made very quicUy, 
for it is much easier to adjust by moving a slider or sliders 
than by shifting a number of plugs. 

Slide Wire or Metre Bridge. 

The simple slide wire bridge is a very useful arrangement, 
as a very close adjustment can be made by means of it, and 
great accuracy of measurement thereby be obtained. It is 
especially useful for measuring small resistances accurately. 

The form in which this description of bridge is usually con- 
structed is shown by Fig. 37. 
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The slide wire, 'whicli is 1 laetre losg and about 1'5 mm. in 
diameter, is stretched upon an oblong board (forming the base 
of the instrnment) parallel to a metre scale divided through- 
out its whole length into millimetres, and 
so placed that its two ends are as nearly as 
possible opposite to the divisions and 
1000 respectively of the scale. 

The ends of the wire are soldered to a 
broad, thick copper band, which passes round 
each end of the graduated scale, and runs 
parallel to it on the side opposite to the 
wire. 

This band is interrupted by four gaps, 
at Mil, a, SE, and m,. On each side of these 
gaps, and also at B, C, and E, are termi- 
nals. 

In the ordinary use of the apparatus, 
the wires from the battery are attached 
to the terminals B and E, and the galvano- 
meter is connected between C and the 
slider A; by pressing down a knob this 
latter is put in contact with the wire. 

The conductor whose resistance has to 
be measured, and a standard resistance, are ' 
placed in the gaps at x and a respectively. 

The two gaps at m, and ibj can either 
be bridged across by thick copper straps, 
or resistances of known values can be in- 
serted in them ; it is easy to see that these 
are simply ungraduated prolongations of 
the slide wire. 

If we have no resistance in these gaps, 
then when we have equilibrium, 



h-\-d = lt,OTd=h-h, 
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but Ic = 1000 millimetres, and h is usually called the scale 
reading^ therefore we have 

{ 1000 1^ TAT 

\scale reading / 

For exanvpU, 

The standard resistance a being 1 ohm, equilibrium was 
obtained when the scale reading was 610; what was the value 
of the unknown resistance x ? 



X 



= l(^-l)= -961 ohms. 



It has been pointed out by Mr. Martin F. Koberts that the 
above equation is the same as 



X 



= a d^^'^}. on X 1000 - l) , 
\\ scale reading) /' 



and that consequently, by the use of a table of reciprocals, calcu- 
lation can be considerably simplified in working out the value 
of aj. 

In making a test in this manner it can be seen that it is 
unnecessary to know the resistance of the slide wire. 

Equation [A] is only true if the resistances between the ends 
of the slide wire and the terminals B and E are zero. But, 
although it may not appear so, it is by no means easy to make 
these resistances inappreciable ; even the careful soldering of the 
ends of the wire to the copper straps introduces a resistance 
which is sufficient to affect very accurate tests. Eeferring to 
Fig. 37, in which \i and Aj are these resistances, we know that 
strictly speaking 

X d -{- Xi 
a h -\- X,i' 
or that 

^^^/ 1000 + X. + A, A 
\ scale reading + Ai / ' 

To make a strictly accurate test then, we must know the 
values of A, and A, in terms of the equivalent length of the slide 
wire. These may be obtained in the following manner : — 

Having bridged across the gaps at mi and Wg with thick copper 
straps, taking care that the surfaces in contact are scraped 
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bright, insert known resistances at a and a?, a being rather 
larger than x ; then, having obtained equilibrium, we have 

now reverse a and oj, and again obtain equilibrium. Let the 
new scale readings be h^ and di ; we then have 









x{d^ + X^ = o.{h + ^i). 


By multiplying 


up and arranging the quantities, we have 


and 
therefore 






aXg = xh + x\ -- ad 
a xh + xXi -^ ad 


that is, 
therefore 


aUi 


K 


X ~ aby + aXi — xdi' 
x^Xi = a^h -^ axd -^ a^hi + axdi, 

ax{di -- d) + x^h — a^hj^ 

" a^ — x^ 



In a similar manner we should find 

ax{h — hi) + X* di — a^d 



K = 



a^ — x^ 



Or since 
that is, 
we have 

and 



6 + (i = 6i + di = 1000, 

d = 1000 - 6, and d^ = 1000 - 6i , 

a a; (6 — 6i) + fic^ 6 — a^ bi _ 6 a: — bi a 
^1 = i^i ~2 1 r~ 



d^ — 01? a -^ X 



(1000 - 6i) a; - (1000 - 6) a 

a — a; 

For example. 

In order to determine Xi and \2j resistances were inserted at 
a and x equal to 3 and 2 ohms respectively. Balance was 
obtained when the scale reading h was 603. On reversing a 
and X, balance was obtained when the scale reading h^ was 399. 
What were the values of Aj and \2? 
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603 X 2 - 399 X 3 ^ 
I Ai = B ^ 2 "^ ^^' 

(1000 - 399) 2 - (1000 - 603) 3 , , 
A2 = ■■ 3^2 ~ ^^' 

The value of x then would be given by the equation 

/ 1000 + 9 + 11 _ , \ / 1020 \ 

^ scale reading + 9 / \scale reading + 9 / 

The accuracy with which a test can be made, as in the 
ordinary form of bridge, depends upon the values given to the 
various resistances, and amongst these upon the value given 
to Jc, 

In order to be able to vary the value of this quantity, the 
gaps at Wi and Wg are provided. 

As the resistances placed in these gaps are simply prolonga- 
tioils of the slide wire, it is necessary that their values should 
be known in terms of equivalent lengths of the slide wire ; that 
is, we must know how many millimetres of the wire they are 
equal to. This is best done in the following manner : — 

Close the gaps at Wi and Wg with the thick copper straps, and 
place resistances of known values at a and x. Adjust the slides 
so that equilibrium is produced, then 

/lOOO + Xi + Xa 
X = 



/lOOO + Ai + Aa ,\ 



or 

x(h + \i) = a (1000 + A« - 6). 

Now insert one of the resistances, whose equivalent length Wi 
in millimetres is required, at the left-hand gap, and again 
obtain equilibrium, calling the new scale reading h^ we then 
have 

a.(6^ + Xi + Wi) = a (1000 + Xa — h^). 

By subtracting the one equation from the other we get 

x(h " hi) — xroi = a (6i — 6), 
that is, 

(h — hi) (a -{- x) = rriiX, 

or 

Wj = (6 — hi) • 

X 
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For example. 

It being reqtdred to know how many millimetres of the slide 
wire a resistance m^ was equal to, the scale reading 6, with 
the two gaps closed, was 600 mm., and the scale reading 6i, 
with i»i inserted, was 480 mm., the resistances at a and x being 
6 and 4 ohms respectively. What was the value of Wj ? 

6-1-4 
Wi = (500 - 480) —^ = 60 mm. 

If we have a and x equal, we get the simplification 

w = (6 - 6i) 2. 

There are other methods of determining the value of Wj, but the 
one given, besides being extremely simple, is very accurate, as it 
is independent of the quantities Xi and \, 

The values of the resistances to be placed at m^ and m^ being 
thus determined, the value of x is given by the equation 

^ ^ ^/ 1000 + ^i + ^ + w, + m2 _ A^ 
\ scale reading -f A^ -f Wj / 

To obtain the best arrangement of resistances for making a test 
with the slide wire bridge, we have, referring to equation [A], 
page 122, and knowing that 



X = a["- — 1 L or 6 = 



-»a-'> 



a + X 



therefore 



|»0+5)^.:ti+'ll-+'+'+^^'} 



X 
\ = 



E 

From this equation we can see that, in order to make X small, 
a should not be greater than, say, r + a, or less than x. Also we 
can see that we should avoid making Ic less than a -^-x; it is, 
however, almost unnecessary to state this, because, as will be 
seen, there is a particular reason why we should endeavour to 
make k as high as possible, though not so high as to seriously 
increase X. 

The object of making h large, which we can do by means of 
the resistances mi and m^, is to virtTially '9to\oi[i<^ \!!Ck<^ ^^<^^^ra.^^ 
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and thereby to increase the number of graduations into which it 

is divided. This enables great accuracy of adjustment to be 

obtained. 

We say that it is not advisable to make h so high as to 

h 
seriously increase X. Now we can see that the quantity » 

X 

in the equation, can never be greater than k, and that therefore 
if we avoid making k greater than g -^^ x, we shall avoid making 
X large. But, as is pointed out on page 143, it is not advisable 
to make g higher than is absolutely necessary ; and as the re- 
sistance which g should have is really governed by the value 
given to k (as will be explained in a later chapter), and not k by 
the value given to g, therefore k should not be made larger than 
is necessary to enable the divisions of the divided portion of k 
to represent any given percentage of accuracy. 

To obtain this percentage of accuracy, let us suppose the slider 
to be 1 millimetre from its correct position ; then the apparent 
value (^i) of X will be 

where ki is the slide wire, with its prolongations. 
But, as will be shown, a and x should be equal, so that 

6 = — , therefore 



the error will then be 

or, since k is very large, we may say, 



Jfc-2\ 4 

X — Xi = a? — a? I ] = X 



4 

X — Xi = X Y 

k 



The percentage which this error is of x gives us the percentage 
of accuracy ; let it be equal to y ; then 



x-x, = ^^x; 
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that is, 

4 y 

k 100 ' 

400 ,, - , 400 
or, y = -r— ; tnerefore k = — • 
K y 

For example. 

It being required to measure a resistance to an accuracy of 
• 1 per cent., what should be the equivalent length of the slide 
wire and its prolongations ? 

Jb = -— = 4000 mm. 
•1 

That is, resistances equivalent to 1500 millimetres of the slide 
wire would have to be added on at Wj and ?»2« 

With regard to the positions which g and r should occupy, 
although theoretically the greater of the two should connect the 
junction of the two greater with the junction of the two lesser 
resistances, yet practically it is advisable to have the galvano- 
meter between A and C, whether these theoretical conditions 
are satisfied or not, for if the battery were placed between the 
points B and E the current passing from the slider to the wire 
would injure the surface of the latter. 

With further reference to the best value to give to a, the value 
given to this quantity will determine the position which the 
slider will have to take when equilibrium is produced ; but we 
have seen that as long as a does not exceed r-\-x, nor is less 
than X, the value of A does not become great. The question 
then arises, is there any reason which makes it advisable to still 
further restrict these limits ? Now, a mistake of a millimetre in 
the position of the slider will make a much greater error, in the 
result of X worked out from the formula, when the slider is near 
the ends than when it is near the middle. Thus, for example, 
suppose X was 1 ohm and a was also 1 ohm, then we should have 
the slider standing exactly at 600 if it was properly adjusted. 
Suppose, however, it was 1 millimetre out, then the apparent 
value of X would be 

that is, we make a?, 1 — '996, or '004 olaiiiB \iOO ^xsi'eiD^. 
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Next snppose a = 9 oliins, then for equilibrium the scale read- 
ing would be 900, and if we made a mistake of 1 millimetre we 
should have 



1000 



X 



-Kw-')=-^ 



that is, we make a;, 1 — • 990, or • 010 ohms too small. 

LaMy, let us suppose a = ^ ohm, then the scale reading for 
exact equilibrium would be 100, and supposing there to be an 
error of 1 millimetre, we have 



X 



=Kw-0 = -»' 



that is, we make a;, 1 — '989, or 'Oil ohms too small. 
To summarise the results, then, we see that with 

a larger than x, error was • 010 or 1 per cent. 
„ equal to „ „ „ • 004 or f 
„ smaller than „ „ „ 'Oil or 1 






The error, in fact, was smallest when the slider was at the 
middle of the wire. We must, however, determine whether the 
middle is really the point at which the error is least. 

Calling Jc the resistance of the slide wire, and 6 the scale read- 
ing, let there be an error X in a? caused by an error — 8 in 6, then 



X 



+ ^ = «G-^8-0 ""^=K6^"0"^- 



But 



X 



-a-o 



or a = 



X 



^'■ 



therefore 



\ = X 



6-8 



r-1 



I- 



- 1 



= X 



hB 



(6-8)(^_6)' 



or since Hs a very small quantity, we may say. 



X = X 



b(k-b) 



[A] 
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Now we have to make X as small as possible ; this we shall do, 
since x and k are constant quantities, by making h (A; — 6) as 
large as possible. 
But 

k^ /k .\2 



'c-')-?-a-»)'. 



and to make this expression as large as possible, we must make 

k 

^ — 6 as small as possible ; that is, since h must be positive, we 

must make it equal to 0, or 

k k 

— — 6 = 0; that is, 6 = — ; 

which proves the truth of the supposition. 

To obtain the slider as near to the middle of the wire as pos- 
sible when equilibrium is produced, we must make m^ and m^ 
equal, and a as nearly as possible equal to x. 

The resistance of the galvanometer employed in making a 
bridge test is an impoi*tant point, especially as regards the 
measurement of small resistances. 

In the case of the ordinary bridge test, we can adjust within 
1 unit, and in the case of the slide wire bridge, we can adjust 
within 1 millimetre of the wire ; if then the galvanometers em- 
ployed in these cases are such that when wo are one unit or 
one millimetre from exact equilibrium we obtain perceptible 
deflections of the galvanometer needle, then we have what 
we require, whatever the resistances of the galvanometers 
may be. 

Li the ordinary form of bridge, where the adjustable 
resistances are not capable of being adjusted to a greater 
accuracy than 1 imit, a Thomson's galvanometer, such as we 
have described in Chapter III., and which has a resistance of 
about 5000 ohms, gives, under all circumstances, a very large 
deflection when the adjustment is only 1 unit from equilibrium. 
In the case of the slide wire bridge, however, where to be 1 
millimetre from exact equilibrium means to be only ^^^^ of an 
ohm, or even less, out, a galvanometer of such a high resistance as 
6000 ohms would not be found to give a perceptible deflection. 

The reason of this is, that a galvanometer of such a high re- 
sistance is practically short-circuited by the very low resistance 
it has between its terminals. 
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The question of galvanometer resistance will be found dis- 
cussed at length at the end of the book, and it is there shown 
that it is as well not to employ a galvanometer whose re- 
sistance exceeds 10 times . ^ , which quantity, in the case 

a-\-x 

of the slide wire bridge, will, since a and x are equal, be equal to 

d-^x ,. , , , , /resistance of (w, + w« + slide wire) , \ 
—^ ; that IS, to i (^ ^ - ^ '^ ' + xj . 

To sum up, then, we have. 

Best Conditions for making tJie Slide Wire Bridge Test. 

Make a equal to x. 

Make m^ and Wg equal and of such values that the equivalent 
length in millimetres of w^ -j- ^2 + *^® resistance of the slide 
wire is such as to give the required percentage of accuracy. 

The resistance of the galvanometer should not be more than 
10 times i Resistance of {m, + m,+ sUde wire) _^ \ 

Possible Degree of Accuracy attainable. 

Percentage of accuracy = —j- , 

k 

where k equals the equivalent number of divisions into which 
the slide wire and its prolongations are divided. 



Conductivity Eesistance. 

When, by means of the bridge. Fig. 33 (p. 118), we are 
measuring the conductivity resistance of a wire whose farther end 
is not at hand, we should join one end to terminal C, put 
the farther end to earth, put terminal E to earth, and then 
measure in the usual way. It is always as well, however, when 
possible, to measure without using an earth, by looping two 
wires together at their farther ends, the nearer ends being 
joined to terminals C and E respectively ; this gives the joint 
conductivity of the two. Errors consequent from earth cur- 
rents, or a defective earth, &c., are thereby avoided. We 
cannot, however, by this means obtain the conductivity resist- 
ance of each wire separately. If, however, we have three wires 
at handf we can by three meaBurem^nta obtain the conductivity 
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resistance of each wire, without using an earth. This is 
effected as follows : — 

Let the three wires be numbered respectively 1, 2, and 3. 
First loop wires 1 and 2, at their further ends, and let their 
resistance be E^. Next loop wires 1 and 3, and let their 
resistance be E2. Lastly, loop 2 and 3, and let their resistance 
be E3. Supposing the respective resistances of 1, 2, and 3 to be 
Tj, ra, and r^, we get 

♦"i + »'2 = ^1 

♦■2 + **3 = ^3 

Now, since each of the wires is looped first with one and 
then with the other of the other two, it is evident that the 
sum of the three measurements will be the sum of the individual 
resistances of the three wires taken twice over, and conse- 

quently, that — ^ must be the sum of the resistances 

of the three wires. If then we subtract E^ from this result, 
the remainder must be the resistance of r^. Similarly, if we 
subtract Ea from the same, the remainder will give us rg ; and 
lastly, by subtracting E3 we get the value of r^. 

For example. 

The conductivity resistance of each of three wires, Nos. 1, 2, 
and 3, was required. Nos. 1 and 2 being looped, the resistance 
(El) was found to be 300 ohms. Nos. 1 and 3 looped gave a 
resistance (Rj) of 400 ohms. Lastly, Nos. 2 and 3 looped gave 
a resistance (E3) of 500 ohms ; then 

Added resistance of the three wires will be 

300+400 + 500 ^ g^^ ^^^ 

Therefore 

Eesistance C^i) of No. 1 wire = 600 — 500 = 100 ohms, 
(ra) „ 2 „ = 600 - 400 = 200 „ 
(^3) » 3 „ = 600 - 300 = 300 „ 






By this device, then, we are enabled to eliminate all sources of 
error without making a greater number of measurements than 
would be required if we measured each wire separately, by 
using an earth. 
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Eesistance of an Eabth. 

By means of a method very similar to the foregoing we can, 
if we have two wires at our disposal, measure the resistanoe of 
the earths at the end of the lines. The following is the way in 
which this can be done : — 

Let the two wires be numbered respectively 1 and 2. Tint 
loop the two wires at their further ends, and let the measured 
resistance of the loop be E^. Next have No. 1 wire put to the 
earth at its further end, and measure the resistance, which will 
be that of the wire and earth combined ; let this total resistance 
be E4. Lastly, have wire No. 2 put to the earth at the distant 
station and measure the total resistance, which we will call E^. 
Calling Ti and rj the respective resistances of wires 1 and 2, 
then by adding E^, E4, and Eg together and dividing the result 
by 2, we get the sum of the resistances of the two wires and 
the earth ; by subtracting from this result the resistances of 
the two looped wires the remainder will be the resistance of 
the earth. 

By means of a test made in this manner we can deter- 
mine not only the resistance of an earth, but also the in- 
dividual resistance of two wires ; for if we subtract E^ from 

^ ^ , the result will be the resistance Tj of wire No. 2, 

and if we subtract Eg instead of E^, then the result will be r^, 
or the resistance of wire No. 1. 

Such a test, however, although it eliminates errors due to 
defective earths, does not eliminate errors due to earth currents. 
But inasmuch as it is a test which is applicable when only two 
wires can be had, it is useful, since the earth-current errors 
can be eliminated by a method which we shall investigate. 

Insulation Eesistance. 

In taking the insulation resistance of a wire, the connections 
would be the same as for conductivity resistance, only the 
farther end of the wire, instead of being put to earth, would be 
insulated. 

It sometimes happens that we require to find the insulation 
resistance of two sections of one wire, but we can only test 
from one end. 

Now, if we join several wires together, one in front of the 

other, it is evident that the total insulation resistance of all the 

wJreB togetiier will diminish according to the number of the 
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wires and according to the insulation resistance of each of 
them. The law for the total resistance, in fact, will be the same 
as that for the joint conductor resistance of a number of wires 
joined np in multiple arc (page 42). That is to say, the total 
imulation resistance of any number of wires joined together will he 
equal to the reciprocal of the sum of the reciprocals of their respective 
insulaiion resistances. As a matter of fact, it is immaterial 
whether the wires be joined together one in front of the other 
or be all bunched together, the law of the joint insulation 
resistance is the same in both cases.* 

ABO 



Suppose, then, A C to be the wire which we want tested for 
insulation resistance from A in two sections, AB and BC. 
Let a be the insulation resistance of the section A B, and b the 
insulation resistance of the section B ; and suppose a; to be 
the insulation resistance of the whole wire from A to C, then 
we have 

ab 



X = 

from which 

6 = 



a+b' 

ax 
a -- X 



All we have therefore to do, supposing we are testing from A, 
is first to get the end C insulated, and to measure the insulation 
resistance, which gives us x. Now get the wire separated at B, 
and the end of the section A B insulated. Then again measure 
the insulation resistance, which gives us a, from which b can 
be calculated. 

For example. 

The insuUition resistance (x) of the whole wire, from A to C, 
was found to be 6000 ohms, and that from A to B (a), 24,000 
ohms. What was the insolation resistance (6) of the section B ? 

. 24000 X 6000 .^^. , 
^ = 24000 - 6000 = ^^^^ ^^'- 

To get the conductivity resistance of one section of a wire when 
the resistance of the other section, and also of the whole wire is 

* This is not the case if the insulation resistances ace n«x^ Vs^^ ^^^ ^<^ 
resistance of the conductor then comes into qneation aii<^\xtfA\&e&\!)^<^Te8Q^. 
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known, we have only to subtract the resistance of the one 
section from the resistance of the whole section. The truth of 
this is obvious. 



CoNDucTiviTy Eesistance of Wires traversed by Earth 

Currents. 



When the conductivity resistance of a line of telegraph is 
measured by having the farther end of the line put to earth, 
the presence of earth currents, that is to say, the currents set 
up by electrical disturbances over the surface of the earth, and 
also currents due to the polarisation of the earth plates. 



a 



renders the formula a? = d ^ , when equilibrium is produced, 

incorrect. To obtain the true value of the resistance of the 
wire a different formula is necessary. 



Equilibrium Method, 

In Fig 38, let E be the electromotive force of the testing 
battery, E^ the electromotive force of the earth current, whose 




value will be + or — according to its direction, and let a, h, d, x, 
and r be the resistances of the various parts of the bridge ; then 
Ci, C2, C3, C4, and Cg being the current strengths in the different 
branches, we have, when equilibrium is produced, the following 
equations connecting the resistances, current strengths, and 
electromotive forces : — 
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Cj — C4 = 
Cj — C3 = 

Cs - C3 - ^4 = 

Cj a — Cg 6 = 
C4 a? — C3 d = ± Ej 
Cg r + C3 d -f" ^2 ^ = E. 

By elimination we obtain two values of c^, one in terms of the 
battery E^, and the other in terms of E, thns 



ad 



and 

E 
c. = 



'* a{d + r) +h{a + r ) 

b 

From these two equations we get the relation between the 
two electromotive forces E and E^ which gives us a method of 
determining the relative electromotive forces of the batteries, 
thus 

± El hx - ad 

E ' a(d + r)+h(a + r)' 
From this equation we find 



X 



a d . E, f a(d + r) + h {a + r)\ 



To make this equation useful it is necessary that E^ and E be 
known. If, however, we reverse the testing battery and again 
obtain equilibrium by readjusting d to d^^ we get a second 
equation 

± E, _^ bx - ad^ 

-B " «(^i + r) + b(a + r) ' 

by means of which we get 

bx ^ ad bx ^ adi ^ 



<^(d + r) + b(a + r)^ a{d,+T)Jt b^a -V r^ 
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By multiplying up 

hx{a(d, + r)+h(a + r)) ^ ad{a{d, +r) + h(a + r)) 
+ hx {a(d + r) + h{a + r)) - ad^{a(d + r) + h(a + r)) 
= 0, 

that is 

_ a d(a{d, + r) + h(a + r)) + d,{a(d + r) + h(a + r)) 
* " 6 * a{d, + r) +h{a + r) + a{d + r) + h{a + r) 

(d + d,)(r(l + ^ + h) + 2dd. 



2(r(l + ^) + 6) + (d + (IO 



For example. 

In making a oonductivity test of a wire in which an earth 
current existed, with the zinc pole of the battery to line, equi- 
librium was obtained when di was 8000 ohms. On reversing 
the testing current, equilibrium was obtained when d was 
6000 ohms. The resistances a and h being 100 and 1000 ohms 
respectively, and the resistance, r, of the battery 200 ohms, what 
was the resistance, a;, of the line ? 

^^^ (6000+8000) {200(l+^)+1000}+2 x 6000 x 8000 



a; = 



1000^ ^, /. . 1000 



2(200^1+^) + 1000)+(6000+8000) 
= 690-2 ohmis. 

Mr. Chr. Dresing * has pointed out that a very close approxi- 
mate value of X is obtained by the formula 

X = j-\ddt. . 



This formula gives a very much closer approximate value of 
X than does either the arithmetic mean 

a d -{- di 

as =: — • • 

6 2' 
or the formula 

a 2ddi 



X = X' 



h d+d/ 
•Telegraphic JoiirnaV noV^.^."^^. 
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which latter gives the value of x very closely when the quantity 

(r f 1 + - ) + ^) is small compared with d or d^. As Mr. Dresing's 

formula is for all cases more accurate than either of the other 
two, it is the best one to employ shonld strict accuracy not be 
considered necessary. 

If we work out the example we have given, by this formula, 
we get 

X = ^ V6000 X 8000 = 693-0 ohms, 
which is not far from the truth. 

Equal Deflection Method, 

Beferring to page 120, if we suppose that there is the electro- 
motive force El in the branch x, then equation [7j becomes 

c,{r{d, + x) + xQ> + d^) 

c,{r{a + b)+a{h + d,) ^ ^ 

_ - e,{hg + d ^ g + h x + hdi) + ISl^d, + a?) - Ei(6 + d^) , 

c,{adi + hdi + hg + d,g) + 'E{a + h) 
or say 

Ce^" + E(a+6) ' 

that is 

_ E(<?t +a;)- E l (h + d ,) - E(a + 6)K 

Now, supposing the electromotive force E is abolished with- 
out altering r, and suppose at the same time that c^ and the 
other quantities remain unaltered, then we have 

^c,k'^E,{h + d,) 

that is 

_ -Ei (& + (ZO . 

•- k"K + k' ' 
therefore 

-E^di + x) - Ei(6-f d,) - E(a-f-6)K = -Ei(6 + di); 

therefore 

di+x ss {a + b^t. 
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Or giving the value [A] of K, we have 

therefore 

T{a + h){d, + x)+aQ> + d;) {d, + x) 

= r{a + h){d, +x) + xQ> + d,){a + h); 

therefore 

a(di + x) = x(a + 6), 

or 

adi 

* = T- 

If therefore we have a key so arranged that on depressing it 
a resistance equal to that of the battery is inserted in the place 
of the latter, then on adjusting the resistances so that no alter- 
ation in the deflection of the galvanometer needle is produced 
when the change is made, we get the value of x at once &om 
the above equation. 

When the battery connections for measuring conductivity are 
made, as shown by Fig. 33 (page 118), in order to put the zinc 
current to line, we should put the cable to C and the earth to E. 
To put the copper to line we can either reverse the battery or 
put the cable to E and the earth to C, whichever is most con- 
venient to the experimenter. 

When we are measuring the conductivity of a submarine 
cable, which requires to be carefully done, the best method to 
adopt is the following : — 

Put on the battery current for half a minute by pressing 
down the right-hand key; at the expiration of that time, 
proceed to adjust the plugs, pressing down the left-hand key as 
required until equilibrium is produced; continue to adjust, if 
the needle does not remain at zero, and at the expiration of half 
a minute note the resistance. Now reverse the battery connec- 
tions, put on the current for half a minute; again measure, 
again reverse and measure, and so on until about a dozen 
measurements with either current have been taken. It will 
usually be found that about half the measurements made with 
the negative current are the same, and also half the measure- 
ments made with the positive current; these results may be 
taken as the correct measurements for d and di. 

In order to reverse the current through the cable, we can 
either reverse the battery, or the line and earth, connections. 
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There is an advantage in doing the latter, as by this means the 
galvanometer deflection due to, say, too much resistance being 
inserted between D and E, is always on the same side of zero, 
although the direction of the current through the cable is 
reversed. Thus it is easy to see at a glance in every case, and 
without chance of a mistake, whether balance is out in conse- 
quence of too much or too little resistance being inserted. 

The presence of earth currents can be detected when the line, 
galvanometer, and earth are joined to the resistance box, by 
pressing down the left-hand key alone. This wiU cause the 
galvanometer needle to be deflected if there are any currents 
present. A line is seldom, if ever, quite neutral in this respect. 

It is almost immaterial what battery power is used in 
measuring conductivity; sufficient, however, should be used to 
obtain a good deflection on the galvanometer needle when equi- 
librium is not exactly produced. About 10 or 20 cells is a con- 
venient number to employ. There is no danger of heating the 
resistance coils with such a power if the battery be a Daniell 
charged with plain water, or even a Leclanche, as their internal 
resistance is considerable. It would not be advisable, however, 
to use a Grove or a Bunsen battery, or a Daniell charged with 
acidulated water, as their heating power is great in consequence 
of their small internal resistance. 
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CHAPTER IX, 

TESTING FOB FAULTS. 

The theoretical metliocLs of testing for the localities of faults 
are comparatively simple, but their practical application presents 
some docilities. 

The simplest kind of fault to localise is a complete fracture 
where the fault offers no resistance, and the conductivity resist- 
ance gives at once its position. Thus, a line which was 100 
miles long, and in its complete condition had a resistance of 
1350 ohms, that is to say, a resistance of ^Y = 13*6 ohms per 
mile, gave a resistance of 270 ohms when broken. Then distance 
of fault from testing station was 

270 ^^ ., 
= 20 miles. 



13-5 

When the fault has a resistance, the localisation becomes 

Fig. 39. 

^ a c 




EnrtK 

more difficult. The following are the theoretical methods 
generally adopted (Fig. 39). 

First Method. 

Let AB be a line which has a fault / at C, A being the 
testing station. A first gets B to insulate his end of the line. 
He then measures the resistance, which we will call Z, then 
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therefore 

f=l^a. [1] 

Next, B puts his end to earth, and A again measures. Let the 
new resistance be l^ , then 

Calling L the resistance of the line, we have also 

a + h = L; 

therefore 

6 = L - a. [3] 

From these three equations we have to determine a. Sub- 
stituting in [2] the values of/ and h obtained from [1] and [3], 
we get 

. (Z-g) (L-g) ^ ; 
^ L + Z-2g '• 



therefore 
from which 



g2-2gZi=LZ-LZi-.ZZi; 



a = Zi - V (^ - ^) (L - y- 



For example. 

A faulty cable, whose total conductivity resistance when 
perfect was 450 ohms (L), gave a resistance of 350 ohms (Z) 
when the farther end was insulated, and 270 ohms (Zi) when 
the end was put to earth. What was the resistance of the 
conductor up to the fault ? 



Eesistance = 270 - >/(360-270) (450-270) = 160 ohms. 

If the length of the cable was 50 miles, then conductivity per 
mile equals ^^ = 9 ohms, and distance of fault from testing 
station consequently equals 1^-2. = 16^ miles. 

Second Method. 

Two measurements are made, one by station A, and the other 
by station B, A and B insulating their end in turn. Thus 
resistance measured from A when B insulates as before, is 
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Besistance measured from B when A insulates 

h+f=h, [2] 

a + b = L. [3] 



also 



Subtracting [2] from [1] 

and adding [3] 
therefore 



2a = L + Z- Za; 
Jj + l-k 



a = 



2 

For example. 

A faulty cable, whose total conductivity resistance when 
perfect was 450 ohms (L), when measured from A with the end 
at B insulated, gave a resistance of 360 ohms (I) ; and when 
measured from B with the end A insulated, a resistance of 500 
ohms (Z2). What was the resistance of the conductor from A to 
the fault ? 

^ . 460 + 360-600 
Eesistance = -^ = 160. 

So far the testing is simple ; the practical application, how- 
ever, presents some difficulty. This is owing to the variation 
of the resistance of the fault when the testing current is put 
to the cable, in consequence of this current acting on the copper 
conductor, and through the agency of the sea water covering it 
with a salt, which besides increasing the resistance of the fault, 
also sets up a current opposing the testing current. To make a 
proper test, then, it is necessary so to manipulate the testing 
apparatus and battery as to get rid of the polarisation and 
resistance set up by the salt formed on the fault, and to measure 
the resistance at the moment this is done. The following is 
known as : — 

Lumsden's Method. 

The further end of the cable being insulated, the conductor 

is cleaned at the fault by applying a zinc current from 100 cells 

for ten or twelve hours, the current being occasionally reversed 

for a few minutes. A rough resistance test is then made with 

a copper current. 
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A positive current is now applied to the cable for about one 
minute, using two or three cells for every 100 units of resist 
ance which have to be measured. This coats the conductor with 
chloride of copper. 

The cable is now again connected to the resistance box, and 
the battery and galvanometer connections made as shown by 
Fig. 33, the zinc pole being to terminal B' and the copper to 
terminal E. The cable must be joined to C, and earth to E. 

Both keys being depressed, the galvanometer needle is care- 
fully watched and plugs inserted and shifted unit by unit, so 
as to keep the needle at zero ; for the action of the negative 
current is to clean off the chloride of copper, and thereby to 
reduce the resistance of the fault. At a certain point this 
decomposition becomes complete, and the needle of the galvano- 
meter flies over with a jerk, showing that a disengagement 
of hydrogen has taken place at the fault which enormously 
increases its resistance. The resistance in the resistance box at 
that moment is the required resistance. 

The fault being once cleaned by the application of the 100 
cells for ten or twelve hours, it is unnecessary on repeating the 
measurement, which should always be done, to apply the battery 
for so long a time; ten or twenty minutes, or even less, will 
generally suffice. 

When the measurement is made with the farther end of the 
cable to earth, the same process of preparation can be employed. 

The rate at which the decomposition of the salts at the fault 
takes place, depends to a very great extent upon the strength of 
the current flowing out at the fault ; now, if the latter be very 
near the end at which the test is being made, the resistance 
between the testing battery and the fault will be so small that 
the changes at the latter will take place with great rapidity, and 
it would be a matter of great difficulty to adjust the resistance 
in the bridge quickly enough to follow up the change of resis- 
tance at the fault as it takes place. To avoid this difficulty the 
best plan is to insert a resistance between the bridge and the end 
of the cable ; this will retard the changes by reducing the strength 
of the current flowing in the circuit. The value of this resis- 
tance will depend entirely upon circumstances, and will be a 
matter of judgment with the person making the test, but in any 
case it should not be out of proportion to the actual conductor 
resistance of the cable. 

The amount of battery power used is also a matter dependent 
upon circumstances, but the higher the power it is found possible 
to use the less will the effect of earth currents influence tbj^ 
accuracy of the test. 



158 HANDBOOK OF ELEOTBIOAL TESTIKG. 

The resistance employed in the arms A B, B C of the bridge^ 
will, to some extent, modify the rate at which the changes at the 
fault take place, and here again discretion must be used, as no 
definite rule can well be laid down. 

It might be imagined that a '* slide resistance " (page 13) 
would be very advantageous for making a test of this kind, but 
practical experience shows that the plug resistances are prefer- 
able in many cases. 

The galvanometer with which this and the following test 
must be made, must be an ordinary astatic one with filar sus- 
pended or pivoted needles. A Thomson's reflecting galvano- 
meter is quite useless for the purpose. 

Before making the test, A must of course arrange with B, or 
vice versd, at what time and for how long he is to insulate, put 
to earth, &c., his end of the cable. 

Fahie's Method. 

Mr. J. J. Pahie, in a paper read before the Society of Telegraph 
Engineers,* has given the results of some very careful experi- 
ments and tests which he has made, bearing upon the subject of 
testing for faults. His method contains many valuable points 
of novelty, and is, in the author's words as nearly as possible, 
as follows : — 

The cable-current is eliminated by sending into the line a 
current of the opposite sign to that coming from it, and arrang- 
ing the strength and duration of this current to suit the strength 
of the one from the cable. Thus, if the latter be strong and 
negative, put (say) sixty cells positive to line for a couple of 
minutes, and then note the condition of the cable-current ; if it 
be still negative, but weaker, put the battery on again for a short 
time, and continue to do so until the galvanometer needle 
indicates a weak positive current from the fault. If the latter 
be now left to it&elf and the cable put to earth through a gal- 
vanometer the needle will steadily, and as a rule leisurely, fall 
to zero and pass over to the other side, indicating a negative 
current again from the fault. While the needle is on 25ero the 
line is free and in a fit state for the subsequent test. 

If the cable-current be positive, put sixty cells negative on 
until the fault is depolarised ; the effect in this case is more brief 
than in the other, the needle falling quickly to zero and crossing 
to its original position. 

♦ 'Journal of the Proceedings of the Society of Telegraph Engineers,' 
No. IX. 
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Having once eliminated tHe current from the fanlt (and the 
operation very rarely exceeds ten minutes in the most obstinate 
cases) the cable can always be kept free by momentary appli- 
cations of the necessary battery pole. Thus, if the needle begin 
to move off zero in the direction indicating a negative current 
from the fault, a positive current applied for a moment will bring 
it back, and vice versd. In practice it is best to repolarise the 
fault slightly in the opposite direction, as a little time is there- 
by gained to arrange the bridge for a test. 

Having shown how to prepare the cable, the test will now be 
described. The bridge is arranged as shown by Fig. 40. 



FiQ. 40. 




JEarth 



P is the infinity plug ; ^en this plug is removed the conneo 
tion between the branch coils b and the resistance d is severed ; 
Kg is an ordinary key for putting the line to earth through the 
galvanometer Gj or to the bridge as may be required. The rest 
needs no explanation. 

First ascertain by an ordinary test the approximate resistance 
of the faulty cable, and leave it unplugged in d. Next allow 
the line to rest for a few minutes in order that it may recover 
itself from the effects of the current employed in this preliminary 
test, and then depress K,, and observe the cable-current on the 
galvanometer Gj ; let it be positive, open the key K^, remove 
the plug P, and send a negative current from the testing battery 
of (say) sixty ceUs into the cable vid the branch-coils a, which 
should be plugged-in to avoid heating. When tha caJo\fi^^\ax^QX» 
has been Tepo^riaed-^a fact which may \>q aBc^x\»^<&^\s^ ^T)^.^da2k% 



■■v. 
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the cable to earth at intervals tkrougli Gg — arrange the bridge, 
close the key K^, and, keeping the cable to Gj, watch till the 
needle comes to zero ; at that moment let Kj fly back and send 
a negative current through the bridge system, observing the 
instantaneous effect on the galvanometer G^. If di be too great 
the needle will be deflected in a direction (say to the right) in- 
dicative of this, but immediately after it will rush across zero 
and up the other side of the galvanometer (to the left), showing 
that the cable-current has again set in. If (2 be too small the 
needle will pass to the left, at first slowly, but immediately after 
with a bound, d is now adjusted, resistance is inserted or removed 
as required, and the eliminating process begun again. As d 
more nearly resembles the resistance of the cable, the first and 
instantaneous deflections after battery-contact become smaller; 
and, when d and the cable resistance are equal, the needle 
trembles over the zero-point for a moment, and then rushes over 
to the left under the influence of the cable-current. 

Should the current given off by the fault be negative, having 
arranged the bridge as before, repolarise the fault with a posi- 
tive battery current, and, waiting till Gj shows the cable free, 
proceed to test as before, but using a positive current instead of 
a negative. Should d be too great the needle of G^ will be de- 
flected in this case, first to the left and then to the right. Should 
it be too small the needle will move to the right, at first slowly, 
but immediately after with a rush. The galvanometer G^ must 
always be ready, and not short-circuited, else the first and in- 
stantaneous deflections after battery-contact will not be perceived. 

In practice it is foimd that when the cable-current is positive 
it is easily eliminated by a negative current, but that when it 
is negative the operation with a positive current is more diffi- 
cult. Indeed, it is better not to employ a positive testing current- *' 
at all, except for a moment when it is required to eliminate a 
weak negative cable-current. A positive current applied for a 
few seconds in this manner has only time to depolarise a fault, 
but when continued longer it seems to actually coat the exposed 
wire with badly conducting substances, by which the total re- 
sistance is increased. 

It will be noticed that when the fault is depolarised by a 
positive current of any duration it does not recover itself for a 
long time. If a galvanometer be joined in circuit, its needle will 
remain at or near zero for a considerable time, occasionally 
oscillating feebly. The depolarisation by a negative current, on 
the other hand, lasts only a few moments. 

The whole of the foregoing observations do not appear to be 
applicable to every fault. Thus, ^hfeu tha fault has considerable 
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resistance in itself, or when more faults than one exist, it is not 
always possible to eliminate the cable-current. Again, when the 
fault possesses resistance, the direction and strength of the cable- 
current, when the distant end is alternately insulated and put to 
earth, do not always coincide. For example, a fault occurred on 
a six-mile piece of shore-end cable, which reduced the insulation 
resistance to about 2000 units absolute. Now, when the further 
end of this piece was to earth, a strong negative current was 
often obtained, but when it was insulated the cable-current was 
slight and positive. Again, when the fault is further off than 
about 150 miles, and the intervening cable perfect, the charge- 
current interferes with the test. 

The principal obstacle foimd in testing for faults is the presence 
of earth currents. If it were not for these there would really be 
but comparatively little difficulty in making satisfactory tests. 
But even earth currents would not create any serious difficulties 
provided they kept constant in strength and direction for any 
length of time ; this, however, is unfortunately seldom the case, 
and it is often only by patient watching that a few seconds can 
be obtained when the cable is in a quiescent condition, and a 
test of correct value made. 

The earth current difficulty is especially met with in long 
cables, and it is not uncommon for days to pass without a satis- 
factory test being taken. 

Practice is required before these tests can be satisfactorily 
made. An artificial line, however, can easily be made with re- 
sistance coils to represent the resistance of the line up to the 
fault, and a short piece of oable core which has been pierced 
with a needle for the fault itself. This piece of core is immersed 
in a vessel of sea- water, using a piece of galvanised iron plate or 
wire for an earth. By this means a very feiir idea of some of 
the difficulties encountered in testing for faults in cables may 
be obtained; and good practice made. 

Kempe's Loss of Current Test. 

In this test, which is shown by Fig. 41, a battery E is per- 
manently connected, through a galvanometer Gj, to one end A 
of the cable, the farther end B being connected to earth through 
a second galvanometer G. 

Let C, be the current sent through the galvanometer Gi, and 
let C, be the current received on the galvanometer G, then 

/ / ^ a 
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Let the resistance beyond A be Z,, then 

f+b + Q - " + c. 



= a + ^, ^- ■ .-" = a + ^ (6 + G); 



Fio. 41. 




AitxZ>. 



C I ^ 



<2K 



also, as in the previous tests, let 

a + h = It, or 

then by substitution we get 



m 

Savl 



6 = L — a, 




therefore 
that is. 



or 



= a + J(L-.a + G); 



C.Zs = C.a + a(L + G)-aa, 
a(C.-a) =CA-a(L + G), 

az8-a(L + G) 



a = 



c.-o. 



L in this equation is known, it being the conductor resistance 
of the cable when sound. 2s is easily determined, when the 
observations with the cable are completed, by joining up the 
galvanometer Gj and battery E in circuit with a set of resist- 
ance coils, and then adjusting the latter until the deflection on 
the galvanometer G^ is observed to be the same as it was when 
the cable was in circuit ; the resistance in the resistance-box 
then gives the value of l^* 

Tn order to determine 0, and C^ we must compare the deflec- 
tions they produce on the respective galvanometers with the 
deflections obtained on the same galvanometers from some 

* See Chapter I., page 2. 
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standard current, such for instance, as that given by one 
Daniell cell working through 1000 ohms, or 1 milliweber. The 
difficulty is to get the Daniell cells exactly alike in electro- 
motive force at the two stations. Perhaps the best form of cell 
for the purpose is that originally devised by the late Sir 
Charles Wheatstone. A cell of this description consists of an 
outer vessel containing a saturated solution of sulphate of 
copper; into this is placed a porous tube about two inches high, 
containing mercury with a few scraps of zinc dissolved in it ; a 
cylinder of copper is placed in the copper solution, and connec- 
tion is made with the zinc amalgam by a copper wire dipping 
into it. 

These cells, although not suitable for continued use, can be 
relied upon to give a perfectly constant current for half an hour 
or so, in fact, fbr quite a sufficient time to enable a standard 
reading on the galvanometer to be taken ; also, the electromotive 
forces of any two of such cells may practically be relied upon as 
being equaL 

The porous tubes in these cells, after use, should be thrown 
into nitric acid for a short time, so as to dissolve any copper 
which may have become deposited in their pores ; they must next 
be washed in water, and will then be ready for use again. The 
amalgam can be used over and over again. 

Supposing both stations are famished with these standard 
cells, then, each station having noted the deflection obtained 
when in circuit with the cable, disconnects his galvanometer 
from the latter and puts it in circuit with a standard cell and a 
certain definite resistance, say, 1000 ohms including the resist- 
ance of the galvanometer. The deflection is again noted ; then 
this deflection divided into the deflection obtaiaed when the cable 
was in circuit, gives the value of C, or C,., as the case may be. 

For example. 

In testing a cable by the foregoing test, the connections being 
made as in Fig. 41, station A obtained a deflection on his gal- 
vanometer equivalent to 2800 divisions ; station B obtained a 
deflection equivalent to 1520 divisions. 

The deflection obtained by A on his galvanometer with a 
standard cell through 1000 ohms was 100 divisions, and the de- 
flection obtained by station B with a similar battery working 
through 1000 ohms was 95 divisions ; then 

^•"TOO""^^' ^' - "95" - ■^^• 
The value of l, was found to be 280 ohms, aaft. ^iJoa N%^aa <5>"1\a 
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and G were known to be 345 ohms and 6 ohms respectively* 
What was the value of a? 

^ ^ 28 X 280 - 16 X (345 + 5) ^ ^g^.^y ^^^^^ 

28- 16 

If the cable had a conductivity resistance of 10 ohms per mile, 
then the distance of the fault from A would be 

186-67 ,„ ,„ ., 
— — — = 18-67 miles. 

A great advantage which this test possesses oonsistB in the fact 
that all the necessary observations with the caUe can be made 
simultaneously, station A arranging with station B that at a 
definite time the observations are to be made oil the galvano- 
meters ; there is thus no chance of error from the fault changing 
its resistance between two independent observations, as might 
occur in the other tests. 

It has been assumed that this test has been made with 
Thomson galvanometers, and it is advisable if possible to 
employ them ; the directing magnets in the instruments would, 
however, have to be placed very low down and very low 
shunts employed, otherwise the deflections obtained would 
be beyond the range of the scale. It will sometimes be found 
that the cable is traversed by an earth current. The effects of 
this may best be eliminated by means of a compensating 
battery of one or two large sized Danidl cells, inserted between 
the end of the cable and the galvanometer. The number of 
these cells used should be slightly in excess of that required to 
counteract the earth current, exact balance being obtained by 
means of a shunt inserted between the terminals of the batteiy. 
To effect this adjustment, previous to putting on the battery E, 
we should connect the galvanometer to earth and then adjust 
the compensating battery shunt until no deflection is obtained. 
This being done, the battery E is connected up and the test 
made as if no earth current existed. 

It will seldom be found that a larger compensating battery 
than one or two cells is required to produce a balance, and if 
these be of a large size their internal resistance may practically 
be ignored. 

It is advisable to make the current from the testing battery 

Bow in the same direction as the current which tends to flow 

from the compensating battery •, tkviB, if the latter requires to be 
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inserted so that the zinc pole is connected to one terminal of 
Gi and the copper pole to the end A of the cable, then the copper 
pole of the testing battery should be connected to the second 
terminal of Gi and the zinc pole to earth. 

The Loop Test. 

When a faulty cable is lying in the tanks at a factory so that 
both ends of it are at hand, or when a submerged cable can be 
looped at the end farthest from the testing station with either a 
second wire, if it contains more than one wire, or with a second 
cable which m^ be lying parallel with it, as is often the case, 
then the sisljoest and most accurate test for localising the 
position of the fault is the loop test. 

This teft is independent (within certain limits) of the resist- 
ance of the fault, thus doing away with the necessity of cleaning 
and depolarisilig as would be necessary in the ordinary tests. 

There are two ways of making this test with the form of 
apparatus hitherto described. 

Murray's Method. 

Fig. 42 shows the theoretical and practical arrangements. 
J? is the point where the two wires or cables are looped together 
at the farther station, / being the fault. 

Let y be the distance from C to the fault, x the distance from 
E to the fault. Then B C being plugged up and A B and E A 
adjusted until equilibrium is produced, 

AB XX - EA X y. 

Let L be the total conductivity resistance of the whole loop, 
then 

a? + y = L, 
therefore 

a? = L - y. 

Substituting this value of a? in the above equation, we get 

AB(L-y) = EAx y, 



from which 



_.( AB \ 
~ VAB + EA./* 
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To obtain L, we should simply join up for the ordinary con- 
ductivity test, as shown by Fig. 33 (page 118). The fault in 
this case has no effect upon the test, provided it is not caused by 
the complete fracture of the cable ; in the latter case the broken 
ends become covered with salts, which would make the resist- 
ance appear higher than it really is. When, however, the ^vlt 

Fig. 42. 



^^ 



■^y^ 



Ar<. ( t ) ^''^^^f^ 



^ 



i\iH\i\^ 





is due to a simple imperfection in the insulating sheathing, the 
ordinary conductivity test gives the correct result. 

It is advisable to keep a record of the conductivity resistance, 
so that it can be ascertained without the necessity of making a 
measurement. 

In the practical execution of this loop test, the connections 
being made as shown by the figure, all the plugs between 
B and C must be inserted; this is necessary, because the 
galvanometer connection is made on to the terminal B', which 
is the same as B, instead of on to C. The test could be made by 
placing the galvanometer on to C, but in that case we should 
lose the advantage of the key, which it is always best to use. 
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The plugs being inserted between B and 0, and the other 
plugs being in their places, we should remove, say, the 1000 plug 
from between A and B, and having pressed down the left-hand 
key, to put the battery current on, which should be a zinc one 
as shown, we should adjust the plugs between D and E, pressing 
down the right-hand key as required until equilibrium is pro- 
duced. The different resistances being inserted in the formula, 
y is found, which being divided by the conductivity resistance 
per mile of the cable, gives the position of the fault. 

For example. 

A cable 50 miles long, whose total conductivity resistance 
was 450 ohms, ikat is, 9 ohms per mile, was looped with a 
second cable, wMoh had the same length and conductivity 
resistance as the first cable — ^the resistance of the loop being 
450 X 2 = 900 ohms. The adjusted resistance in E A to obtain 
equilibrium was 4000 ohms, A B being 1000 ohms, then 

V = 9001 I = 180 ohms. 

^ VlOOO + 4000 J 

Dividing this by the conductivity per mile, which is 9 ohms, 
we get distance of fault from testing station = ^-|^ = 20 miles. 

In making a test of this kind it is advisable to use as high 
resistances as possible in A B and E A, because the greater these 
resistances are the greater will be the range of adjustment. 

We know that the resistance of the galvanometer should not 
exceed 10 times the joint resistance of the resistances on either 
side of it.* In practice, the resistances A B and E A would 
always be greater than the resistance of the looped cables, and 
the joint resistance of the two resistances would consequently 
never be more than one-half the resistance of the looped cables ; 
if, therefore, we do not use a galvanometer with a resistance 
more than, say, five times the resistance of the looped cables, we 
may be sure that the conditions are very favourable for making 
an accurate test. 

The value which E A should have depends upon the value 
given to A B, and since the range of adjustment is large in pro- 
portion as E A is large, therefore for this reason it is advan- 
tageous to make AB as large as possible; but it is not 
advisable to make it higher than is requisite to obtain what 
may be considered to be a sufficient ilinge -of adjustment, for by 
making A B and E A large the current which passes out of the 

♦ Page 144. 
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battery becomes diminished, and consequently the effect on the 
galvanometer will also be diminished. This can of course be 
^mpensated for by adding on extra batteries, but as the 
number of the latter may have to be inconveniently large, it is 
as well to avoid doing so, otherwise there is no limit to the 
values which may be given to A B and E A. 

It is possible to avoid making A B and E A high by making 
the latter resistance adjustable to a fraction of a unit. 

If the fault has a very high resistance the employment of 
high battery power is inevitable, as this high resistance is 
directly in circuit with the battery. In such a case, however, 
we may make A B and E A as high as we like, for, inasmuch as 
the current flowing out of the battery depends upon the total 
resistance in its circuit, the result of making A B and E A high 
is to add but very little to the total resistance, unless indeed 
they are very excessive, which in practice can hardly be the 
case. 

To sum up, then, we have 

Beat Conditions for making Murraifa Loop Teat, 

Make AB as high as is necessary to obtain the required 
range of adjustment in E A ; if A B and E A would in this 
case require to be excessive compared with the resistance of the 
loop, E A must be adjustable to a fraction of a unit. 

Employ a galvanometer whose resistance is not more than 
about five times the resistance of the looped cables. 

Employ sufficient battery power to obtain a perceptible 
deflection of the galvanometer needle when E A is 1 unit, or a 
fraction of a unit, out of exact adjustment. 

Varley's Method. 

This is shown theoretically and practically by Fig. 43. 

In this test, B C and A B are fixed resistances, and E A is 
adjusted until equilibrium is produced. Then, y and x being 
the same as in the last test, 

BC(EA + y) = ABa, 

and 

a? = L - y; 

therefore 

BC(EA + t^) = AB(L-y), 
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from which 



y = 



ABx L --BCx EA 
AB + BC 



IfAB = BC, then 



y = 



L-EA 
2 



Fig. 43. 




'EARTH 



For example. 

The two cables being of the same length and conductivity as 
in the last example, and A B being equal to B C, equilibrium 
was obtained by making E A = 600 ; then 

900 - 600 , ^^ , 

y = -z: = 150 ohms. 

^ 2 

It is necessary that the faulty one of tl\p two looped cables be 
attached to E, or else it would be inipo^BiVAft \.o o\i\»IvcL ^ojoS!^- 
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brium. If we were testing a looped cable, and after Having 
joined it up found that we could not obtain equilibrium, we may 
be sure that the fault lies between C and jp. The cable must 
then be reversed, and a fresh test made. 

The two looped cables may have different conductivities per 
mile. In this case we must divide the 150 ohms by the con- 
ductivity per mile of the cable in which y is measured. 

The conditions for making this test with accuracy are not 
quite so simple as they were in Murray's test. In this case 
they are almost precisely similar to what they are in an 
ordinary bridge test, for the resistance A'E-{-y takes the place 
of the resistance d in the latter test, and if we determine the 
best conditions for finding x we practically determine the best 
conditions for finding y, as the test is made in the same manner 
for determining either quantity. 

It is, however, always best to have the relative positions of 
the battery and galvanometer as indicated in the figure. For if 
the galvanometer took the place of the battery, and vice mrsd^ 
it would be affected by any earth or polarisation currents which 
might enter at the fault, and this would render adjustment 
difficult. We have then 

Best Conditions for making Varley^s Loop Test, 

Make E A as high as possible, but not so high that E A -}- ^ 
exceeds g + x,'EA being adjustable to fractions of a unit if it 
has to be of a low value. B C must neither be greater than 
r + a? or less than x ; r being the resistance of the battery and 
fault. 

A rough test would first have to be made to ascertain 
approximately the values of x and y, and then if necessary the 
resistances must be readjusted so that the above conditions are 
satisfied, and then exact adjustment of E A be made. 

Sufficient battery power must be employed to obtain a 
perceptible deflection when EA is not exactly though very 
nearly adjusted. 

The resistance of the galvanometer in this test is a matter of 
little importance so long as it is sufficiently high to enable 
E A -|- y to be high without being a high multiple of ^ + as. 

Correction for the Loop Test, 

It sometimes happens that the resistance of the fault in a cable 
approaches the normal insulation resistance of the latter ; then 
the poBition of the fault indicated by the loop test will not be 
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its true position. The reason of this is, that the current flowing 
in a faiilty cable has two paths open to it : one through the 
fault and the other through the whole of the insulating sheath- 
ing. The cable, in fact, possesses two faults : the actual fault,^ 
and the fault due to the conducting power of the insulating 
sheathing. This second or resultant fault, as it is called, in a 
homogeneous cable is equivalent to a fault in the centre of the 
cable of a resistance equal to the insulation resistance of the 
cable itself when in good condition. If the cable is not homo- 
geneous throughout, this resultant i^ult will lie away from the 
centre. Its position can be found, however, by the ordinary 
loop test when the cable is sound. 

We have then to determine the true position of the fault 
when the position and resistance of the resultant fault, the 
insulation resistance of the cable when imperfect, and the 
position of the fault indicated by the ordinary loop test, are 
known. The following shows how this may be done ap- 
proximately : — 

In Fig. 44, let A B be the cable joined up for the loop test, 
/ being the actual fault, t the resultant fault, and f^ the 
apparent position of the faiilt given by the loop test. 

Fig. 44. 
-^ ^x^ 

K- a- •»! 




if, d" 



Let P equal the resistance of t, that is, the insulation resist- 
ance of the cable when perfect ; also let I equal the insulation 
resistance when the cable has a fault, which resistance is due to 
the joint resistances, of the fault (which we will call c) and the 
insulation P : then 

I = =r— — ; whence c = 



p + c' P-I 

Now it is evident that the position of /^ with respect to % and 
/ will depend upon the relative values of P and c : thus if 
P and c were equal, then f^ would lie midway between ♦ and / ; 
if P were greater than c, then/j would be nearer/; or again, if 
P were less than c, then /^ would be nearer t. This being the 
case, we have the proportion 

, /distance between\ , . _ . /distance between\ 
*'-l, /land/ ;••''• \ /^oii^l V 
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Let distance Af^^p and A t = a, therefore distance 
t/i = P — OL'y also let distance /i/ = a?, then 



or 



therefore 



Paj = c(/J-a), . 



PI 



I 



which gives us the position of the true fault beyond the 
apparent one. 

Or the distance of the fault from A will be 

I fiP-al 

^+p— 1<^-^)= P^I ' 

For example. 

In a looped cable, whose total length was 100 miles, and 
total conductivity resistance 900 ohms, the ordinary loop test 
showed the apparent position of a fault which existed in it to be 
700 ohms from A, that is, 

p = 700. 

The position of the resultant fault given by the loop test 
when the cable was new was found to be 500 ohms from A, 
that is, 

a = 500. 

The insulation resistance of the cable when new was 
3,000,000 ohms, and when faulty 600,000 ohms, that is, 

P = 3,000,000 
I = 600,000. 

Where was the true position of the fault ? 
Distance of fault from A 

700 X 3,000,000 - 500 x 600,000 „^^ , 

= = 750 ohms. 

, 3,000,000 - 600,000 
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That is to say, distance of fault beyond distance given by loop 
test was 

750 - )3 = 50 obms. 

« 

Or, supposing the cable to have a resistance of 9 ohms per 
mile, the true distance of the fault beyond the apparent 
distance was -^ -- 5| miles. 

If the cable be homogeneous throughout, the resultant fault 

wiU appear in the middle of it. In this case a will equal -^^ 

where L is the total length of the loop. 
If in the equation. 

Distance of fault from A = ^-p =— 

we put P = I, or, what is the same thing, a = )S, then 

Distance of fault from A = jS, 

as in the ordinary loop test. 

In order to make this test satisfactorily, it is necessary to 
know what are the insulation resistances of the cable when 
good and also when faulty, at the moment when equilibrium 
is obtained. Now, as will be shown in Chapter XIV., the 
insulation resistance (P) of the sound cable alters in proportion 
to the time a current is kept on it ; but the rate at which this 
alteration takes place is definite, and can be obtained by refer- 
ence to previous tests of the cable made when the latter 
was sound. The insidation resistance (I) of the cable when 
faulty cannot, however, well be determined by any reference 
to previous tests; some plan of enabling it to be measured 
accurately is therefore necessary. 

A method suggested by Mr. S. A. Phillips enables this to be 
done in a very satisfactory manner. The whole of the testing 
apparatus is carefully insulated by being placed on a sheet of 
ebonite, or on insulated supports ; the experimenter also stands 
on an insulated stand or a sheet of ebonite. The battery for 
making the loop test, instead of being connected directly on to 
the terminal of the resistance coils, is connected thereto through 
the medium of a second galvanometer. By noting the deflection 
on the latter at the moment equilibrium is obtained on the first 
galvanometer, and comparing it afterwaidE ^^Xi \}Cka ^<b^<^^^R^sv 
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Obtained through a known redstanoe, we obtain the value of I 
plus the combined resistance of the resistances in the bridge, 
which quantity will, however, be insignificant compared with 
I, and need not be taken into account. 

A note should be made of the time at which the battery is 
connected to the instruments, and then, when the plugs are 
adjusted, equilibrium obtained, and the deflection on the second 
galvanometer observed, the time must again be noted, so that 
the period during which the battery current has acted may be 
known, and the value of P correctly obtained. 

The method of determining the value of P will be con- 
sidered hereafter. 

Individual Eesistanoe of Two Wires by the Loop Test. 

Mr. S. A. Phillips has pointed out that the loop test may be 
made very useful for determining the individual resistance of 
two wires, the leads in a cable factory, for instance, whose 
ends cannot be got at to connect to the testing apparatus. 

To do this, the further ends of the leads would be joined 
together, and the junction put to earth. It is evident, then, 
that the loop test applied to the wires would give the resistanoe 
of dther of them to their junction. 



( 175 ) 



CHAPTEE X. 

KEYS, SWITCHES, CONDENSERS, AND BATTEBIES. 

Although the short-circuit plug-hole is convenient to avoid 
accidental currents being sent through the galvanometer when 
the various resistance coils, batteries, &c., are being joined up 
for making a measurement, yet a key which in its normal con- 
dition short-circuits the galvanometer, is extremely convenient 
and useful. 

Such a key is represented by Fig. 45. In its normal condi- 
tion the spring rests against a platinum contact, and, when 
pressed down, against an ebonite one. 

Fig. 45. 




7A ireaL 



SUM. 



The two terminals of the shunt are connected to the ter- 
minals of the key, which in this and most keys are double, so 
as to enable the wires leading to the resistance coils, batteries, 
&c., to be also conveniently connected to them. 

If it is required to keep the key pressed down for a length- 
ened period, a small piece of sheet ebonite or gutta-percha can 
be slipped in between the contacts, so as to prevent their 
making connection when the finger is taken off the key. Some 
keys of this kind are provided with a catch, which keeps the 
spring down when it is depressed. 

The advantage of the short-circuit key over the short-circuit 
plug may not seem obvious, but actual practice will soon show 
the careful experimenter its great use. 

Besides the short-circuit key, a Beversing Key is usually ul- 
serted in the galvanometer circuit, so tla.at \Jaft ^'b^<^^\I^fti^x^ '^*v. 
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the needle may alwaTS be obtained on the same aide of the 
scale. A form of reversing key very commonly used is shown 
in elevation and plan by Figs. 46 and 47. 

Fia. 47. 

FiQ. 46. 




The galvanometer terminala wonld be oonneoted to the two 
end terminals of the reversing key, or, if the short-oiroxiit key 
is inserted, to the terminala of the latter. By pressing down 
one or other of the springs, the current will Mtss throngb the 
galvanometer in one direction or the other. The two lundlee 
on either side of the two springs are for the purpc»e of damping 
either of them down when required. 

Particular care should be taken, when proonring the keys, to 
see that the terminals, &g., are not fixed on the tap of the 
ebonite pillars by means of bolts rtmning right through them, 
as in such a caae the advantage of the pillars is entirely lost, 
and the terminals might just as well be screwed direct into the 
base board. 

Care should aUo be taken that the contacts of the keys are 

clean, as when there are several contacts con^derable resiBt- 

ance might be introduced in the circuit firom their being dirty. 

In addition to the reversing key for the galvanometer, a 

Beveraing Svntck for the testing battery is very useful : it need 

jf. ,f, not, however, be such an elaborate one as tliat 

used for the galvanometer. 

Fig. 48 represents such a switch. It con- 
sists of four brass segments screwed firmly 
down to an ebonite base. Each segment is 
provided with a Borew, to which to attach the 
testing wires. 

In some cases each segment is supported 
on an ebonite piUar, which improves their 
insulation very much, and. inde^, would be absolutely neoes- 
aarjr for some tests we shall describe. 
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The poles of the battery would be attached to two opposite 
terminal screws, say A and A', and the leading wires to the 
two other screws, B and B'. 

To make the current flow in one direction, we should place 
the plugs between the segments A and B, and A' and B', and 
to make it flow in the other direction, between the segments A 
and B', and A' and B. If one or both the plugs are removed 
the battery current will be cut off" altogel2ier. It is always 
best, in order to do this, to remove both the plugs in preference 
to one only, for if the battery is not well insulated a portion of 
the current may still be able to flow out of the battery and 
disturb the accuracy of a test. 

Two other pieces of apparatus are necessary to form a very 
complete set, viz. a " Condenser " and a " Discharge key." 

The Condenser is merely a Leyden jar exposing a large 
sur&ce within a small space. It is niade of sheets of tin- 
foil placed in layers between thin sheets of some insulating 
material, such as gutta-percha tissue, paraffined tissue-paper, or 
shellaced mica. The alternate layers of tin-foil are connected 
together, so that two sets are formed corresponding to the out- 
side and inside coatings of the Leyden jar. 

A very convenient form of condenser, manufactured by Messrs. 
Warden, is shown in plan and elevation by Figs. 49 and 50. 



Fig. 49. 




Fig. 50. 




The layers of tin-foil and insulating material (shellaced mica, 
it is believed) are placed in a round brass box with an ebonite 
top, on which are fixed the connecting terminals. These termi- 
nals are placed on brass blocks, the ends of whicli ^x^ \x^ ^^^^'^i^ 
proximity to one anotlier, so that a pVvig caa\>^ Ya3a«t\^\ife\7«^^^ 
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them for the purpose of enabling the apparatus to be short- 
circiiited. This should always be done when the condenser is 
not in use, so that any residual charge which may remain in it 
after use may be entirely dissipated. 

The '* electrostatic capacity " of these condensers is usually ^ 
microfarad, the fietrad being the unit of electrostatic capacity 
adopted in this country. They are also made, however, so that 
several capacities can be obtained, by inserting plugs in different 
holes. Those having four different capacities, viz. •!, '2, '8 
and *4 microfarads, enable any value from * 1 to 1 to be obtained 
by inserting one or more plugs. It is very often extremely 
useful to be able to vary the capacity, so that it is better to have 
the last form than the first, although it may be a little more 
expensive. 

Condensers, like batteries, can be combined in series or sets, 
and advantage may often be taken of this power of combination 
to obtain a large number of capacities from a small number of 
condensers. 

When condensers are combined in sets (corresponding to th^ 
" quantity " arrangement of batteries) the capacity of the set 
will be equal to the sum of the respective capacities of the 
several condensers. Thus, if we call B\, F^, F3, &c., the capaci- 
ties of the several condensers, the capacity of the set will be 

, ^1 + Fg + Fg + . . . . 

This may be expressed symbolically thus : — 



When the combination is made in senes (corresponding to the 
" intensity " arrangement of batteries, or the " cascade *' arrange- 
ment of Leyden jars) the joint capacity of the series follows the 
law of the joint resistance of parallel circuits, thus 



JL i_ i. 

Tf IT ' 1?' ' • •• • • 

This may be symbolically expressed thus :- 
Fi — F^ — F^ » . . , 
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. By following ont these laws, if we had two cxmdenBers, F, and 
Fj, we oould obtain four different capacities, viz. F„ F„ F, + F„ 

:, Fl F, 

"^ fttf;' 

With three condeneers we oonld obtain fiyarteen different 
capacitjes, viz. F„ Fj, F„ F, + Pj, F, + P^ P, + F,, 
F, F„ F, F. F. P, P. F, 

• "^ * "^ " F, + P, ' F, + F,' r» + F,' ' "^ F, + F, ' 
„ Pi F. F, F, 1 

^■+ ff+k- ^'■'vr+f.- "" XTXn' 

F, F, F, 
Any of theee oombinationB may be expressed eymbolically 
in the manner before shown; thna, for example, to take the 

F, F, 
F, + „ — combination, this wonld be shown thus ; — 



To enable the discharge irom the condenser to be read on the 
galvanometer a dischai^e key is necessary. This, like the other 
pieces of apparatus, is made in a variety of forms. 




^Art:als 



The form, designed by the author, shown in plan and elevation 
by Figs. 51 and 52, is a very oonvenient and nsefiil one. 

It consists of a lever (wMoh should be a solid lever and not a 
spring), hinged at one end, and playing between two contacts 
attached to two terminals. Two finger triggers, near the other 
end of the lever, marked " Discharge ' and " l"[i¥,\iVB.teV «^* '^'^' 
nected to two ebonite iiooks. The heiRht ot ftna Vich^k. *.\,\a^^ 
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to the finger trigger marked '' Disoliarge," is a little higher than 
the other hook, so that the lever stands intermediate between 
the two contacts when it is hitched against it. When the lever 
is pressed down against the bottom contact the shorter of the 
hooks hitches it down. If in this position we press the " Insu- 
late " trigger down, the lever is freed from its hook, and springs 
up against the second hook, thus insulating the lever from either 
of the contacts. The " Discharge " trigger now being pressed 
down, the lever springs up against the top contact. 

To the hook of the '* Discharge " trigger there is a small piece 
of metal fixed which is broad enough to come in front of the 
second hook, so that if the '* Discharge " trigger is pressed down 
first it draws back both the hooks, and thereby, if the lever at 
starting be hitched to the bottom contact, allows the lever at 
once to spring up to the top contact. If, however, the " Insu- 
late " trigger be depressed, only the hook attached to that trigger 
is drawn back, allowing the lever to spring up against the second 
hook and be thereby insulated, as at first explained. 

An excellent form of discharge key has been invented by Mr. 
J. Eymer Jones, and is manufactured by the Silvertown Tele- 
graph Works Company. The key is so constructed that the 
principal terminal is left perfectly free during the p^Briod of 
"insulation," as shown in Fig. 53. The leakage from this 
terminal is therefore confined to the ebonite support A B. The 
form of this support, a vertical section of which is shown by 
Fig. 54 (page 182), gives a very considerable length of snrfisM^e 
over which any leakage must pass, it being in the present case 
6j inches in a height of only 2^ inches ; while since the portion 
A screws into the outer cap B, the former may be removed, 
when important tests are about to be made, and scoured with 
glass-paper, so as to secure the advantage of a fresh surface 
without disfiguring the outer polished surface. 

The movements for *' Charge," *' Insulate," and " Discharge," 
will be readily understood from Fig. 63. I V are ebonite rods ; 
their brass prolongations c c', which move with them as one 
piece, have the under surfaces,' where they rub against the 
platinum contacts h and g, tipped with platinum. 

When I is deflected to the left, the end of the rod r, attached 
to it, presses against V — should the latter happen to be turned 
to that side — and carries it over in the same direction, first 
breaking contact at c'gf, if previously made, and afterwards 
making contact at h c. Thus the battery and cable terminals 
are connected together. To " Insulate " the cable terminal it is 
odIj'- necessary to move I back again towards the right, as in 
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Fig. 53. To " Discharge," press I' towards the right. Shoald I 
not already be over to the right (aa in the last positioii for 
" Insulate ") it will be carried over with I' and the contact at 6 c 
broken before c' and g come together. The rod r in fact prevents 




the galvanometer and battery terminals from both being put to 
the cable terminal at the same time. 

Although not perhaps absolutely neoessary, it is advisable 
to have a second set of lesistance coils (which need not, how- 
ever, be of the bridge form) to act as an adjustable shunt for 
the galvanometer. 

A simple form of galvanometer to enable the resistance of 
the Thomson to be quickly taken, is also useful. This, how- 
ever, can be dispensed with, as Mr. S. A. Phillips has pointed 
out that the resistance of the galvanometer oas^ \m &;j^Ki:\ii\&R&. 



182 



EAMDBOOE OF EI^OrUOAI. TEBTIBO. 



by tfae very aimple device of measariug the refflatatice of one 
of the ehnntB (tie Jth preferably). To do this, the tsbvnU 
will have to be removed from the galvanometor and ooimeoted 
up to the bridge aa an ordinair resistance, the galvanometer 
itself being used in the ordinary 
Pio. 54. manner. 

Mr. Phillips snggeetB that the 
flhunta should be enclosed under 
the glass shade, bo that they may 
have the same tempeiatnre aa the 
galvanometer coils. 

As it IB preferable to nse a set of 
resistance coils as a Bhnnt, a sii^le 
resistance ooil of the same wire 
aud resistance as the galvanometer 
coils, might be permanently fixed b> 
the galvanometer stand ander the 
glasB shade ; the resistance of this, 
measured by the help of the galva- 
nometer, wonld at onoe give the 
reaistanoe of the latter. If anoh a 
device were adopted, care woald 
have to be taken that the coil is 
wound doable on its bobbin, fin- 
otherwise it would affect the gal- 
vanometer needle when traversed 
by a current. 

The form of bridge coils moat 
generally employed with the Thom- 
son galvanometer, ia that shown by 
Fig. 4 (page 11), the keje attached 
to the other form not being naed. 
Besides the foregoing inBtrnmenta, a battery of at leaat 100 
cells is necessary. The form known as the Minotto is the moat 
convenient, and the one generally used for testing. It consiBtfl 
of an earthenware, or more frequently of a gutta-percha jar, abont 
8 inches high, at the bottom of which ia placed a round plate of 
copjier, resting fiat. A strip of copper about three-quarters of 
an inch wide, coated with gutta-percha, is fixed to this plate, 
and brought up the side of the jar. Over this plate a layer of 
coarsely powdered sulphate of copper is placed ; the jar is then 
filled nearly to the top with damp sawdust, and resting on 
this is placed a thick disc of rinc, provided with a terminid at 
the top. A series of these cells is coupled up in the ordinary 
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The Leclancli^ battery is used at some cable factories ; it has 
the advantage of great electromotive force, but is not so constant 
as the Daniell. The chloride of silver battery of Mr. Warren 
De La Bue (see page 246) is also now used to some extent 
for testing, especially on board ship, as it has the advantage 
of great compactness and portability. 

The batteries should be placed on well-insulated supports, in 
a dry situation, so as to avoid leakage, 'which interferes with 
the constancy of the current. 

Besides the large battery, a single cell placed in a small box, 
with appropriate terminals outside, is required, whose use will 
be exphuned. 
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CHAPTEB XI. 

MBASUBEMENT OP POTENTIALS. 

Let E be a battery of whicli A and B are the poles ; at the 
latter, Erapposing them to be free, there will be full equal but 
opposite potentials, and the difference of these potentials con- 
stitutes tne electromotive force of Uie battery. Thus, if V be 

Pig. 55. 




the potential at A, — V will be the potential at B, and the 
elec^omotive force E of the battery will be 

E = V-(-V) = 2V. 

The potentials fall regularly from one pole of the battery to 
the other, the potential at the middle of the battery being zera 

If the two poles be connected by a resistance ACB the 
potentials will fall regularly down the latter also, as shown in 
the figure, the potential at the middle being zero as in the case 
of the battery. But the potentials at A and B will not be the 
same as they were previous to the joining of the poles by A B, 

Now, if the two terminals of a condenser be connected to any 
two points in the circuit the potential of the charge which the 
condenser will take will be directly proportional to the dif- 
ference of the potentials at those two points. Thus if the 
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condenser were connected to A and B the charge it would take 
would have a potential 

V-(-V) = 2V. 

If the points to which the condenser was connected were A 
and G, the potential of the charge would be 

V-r. 

Again, if the condenser were connected to C and B, the 
potential of the charge would be 

t;-(-V) = V+r. 

It is easy to see that 

Y — V : Y + V :: a : h. 

If, therefore, we connect two condensers between the points 
A and and the points B and C respectively, and adjust the 
resistances a and &, we could charge the condensers to any 
relative potentials we please. 

Although, strictly speaking, the fall of potential along the 
resistance ACB is represented by the line DFH (see small 
figure), the zero point being at F, yet we may generally with 
perfect correctness assume the zero to be at B and the fieill of 
potential to be represented by the line D' B, and similarly with 
the fall from one pole of the battery to the other. In most 
cases it is convenient to consider the fall as taking place in this 
way, as we avoid having to consider the potentials as partly + 
and partly — quantities, which is liable to cause confusion in 
making calculations ; again, if we have to consider the relative 
values of differences of potentials between B, and points between 
B and A, the values of the potentials at those points will also 
be the values of the differences. 

We stated that if the two poles of the battery were joined by 
a resistance, the potentials at the poles of the battery will be 
altered in value j they will, in fact, be reduced in proportion as 
the resistance is large or small. Now, when a current flows 
through a galvanometer, it does so in virtue of a difference of 
potential at its two terminals, and the strength of this current is 
directly proportional to the value of this difference ; conversely, 
therefore, if we note the difference in the strengths of curren.ti& 
passing through a galvanometer we e\ia\i 'kiiOTN \ki<^ xO^s^i^^ 
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values of the differences of potential at its terminals. It may 
at first sight, therefore, appear sufficient, in order to measure the 
relative values of the differences, simply to connect the terminals 
of a galvanometer to the points at which the differences are to 
be noted, and then to observe the deflections obtained. But by 
connecting up a galvanometer in this way we should reduce the 
resistance of the portion of the circuit between its terminals^ 
and the potentials at the poles of the battery would decrease, 
and therefore the potentials at the points where the galvano- 
meter is connected would decrease also. The current then 
which would produce a deflection of the galvanometer needle, 
would be that due to the diminished potentials. If, however, 
the resistance of the galvanometer be very high compared with 
the resistances with which it is connected, then its introduction 
will produce no diminution in the potentials, and consequently 
its deflection, that is to say, the current passing through it, will 
be a true index of the value of the difference. If, therefore, we 
wish to theoretically consider what are the relative differences 
of potentials at any points in any particular arrangements of 
batteries and resistances, we have simply to suppose these points 
to be connected by a galvanometer whose resistance is infinite 
compared with the other resistances, and then to determine the 
relative values of the currents which will flow through it in 
the several cases. 

From what has been said we can see that, practically, if we 
use a galvanometer with a very high resistance in its circuit, 
and connect it to any two points at which a difference of poten- 
tial exists, the deflection obtained will accurately represent thai 
difference of potential. 

The quantity of electricity in a condenser depends directly 
upon the potential of the charge, and the deflection obtained 
upon a galvanometer depends directly upon the quantity dis- 
charged through it; the discharge deflection obtained from a 
condenser, therefore, other things being constant, will represent 
the potential of the charge in it. It may be mentioned that 
this is only true if the discharge takes place through a com- 
paratively low resistance, such as would be met with in an 
ordinary galvanometer, for then the whole discharge practically 
takes place instantaneously ; if, however, the discharge is 
effected through a very high resistance, such as a megohm 
(1,000,000 ohms) or more, then the discharge is gradual, and the 
deflection which would be obtained on the galvanometer would 
not be an accurate index of the potential of the charge in the 
condenser. 
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Electromotive Forces by Law's Method. 

The electromotive force of a battery is the difference of the 
potentials at its poles, when those poles are free ; by successively 
charging a condenser, therefore, from two or more batteries, 
and noting the discharges on a galvanometer, we can very 
simply and quickly determine their comparative electromotive 
forces. 

Discharge deflections on a galvanometer whose deflections 
are truly proportional to constant currents, unless they are 
nearly equal, are not always proportional to the currents which 
produce them. It is therefore very desirable, in measurements 
such as these, in order to ensure accuracy, to adopt the method 
we mentioned on page 48, viz. to obtain a uniform deflection by 
means of a variable shunt to the galvanometer. Thus, if we 
obtain two similar discharge deflections with two electromotive 
forces, El and Eg, using shunts of the respective resistances Si 
and S2 ; then, since the deflections are the same, the electro- 
motive forces are in the proportion 

_ _ G + Si G + S2 

or as the multiplying power of the shunts, G being the resist- 
ance of the galvanometer ; for if we multiplied the deflections 
we obtained, by these quantities, we should get the theoretical 
deflections we should have had if no shunts had been used. 

For example. 

With an electromotive force Ej we obtained a discharge de- 
flection of 300 divisions on a galvanometer whose resistance G 
was 5000 ohms, using a shunt. Si, of 1000 ohms, and with a 
second electromotive force. Eg, also a deflection of 300 divisions, 
using a shunt, Sg, of 2500 ohms ; (hen 

5000 + 1000 . 5000 + 2500 
El : Ea : : -^^^ : ^500 

that is. 

El : E2 : : 2 : 1. 

It is not absolutely necessary that the same deflection be 
reproduced exactly, although calculation is saved by so doixv^N 
as long as the deflections are nearly eq]aal \!ix«^ ic^-^x^^s^^^^ 
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accurately the discharges. It is necessary, of course, that these 
deflections be multiplied by — ^^^ — to obtain the relative 
strengths of the currents. 

For example. 

With an electromotive force Ei we obtain a discharge deflec- 
tion of 300 divisions on a galvanometer whose resistance G was 
5000 ohms, uuing a shunt, S^, of 1000 ohms, and with a second 
electromotive force Ej a deflection of 292 divisions, using a 
shunt, S2, of 2400 ohms ; then 

^ - 5000 + 1000 „^^ 5000 + 2400 ^^^ 
E.:E,:: ^^^^ x 300 : ^^^^ x 292 ; 

that is, 

El :Ej, :: 1800: 900-33, 

or as 2:1 very nearly. 

This method is very often the best one to employ, not only for 
discharge, but also for constant deflections, as it is sometimes 
inconvenient to have to continually adjust until the same de- 
flection exactly is reproduced. In certain cases, indeed, it would 
be impossible to do so, as will be seen hereafter. 
■ It may be here mentioned that, in the case of discharge 
deflections, the fact that the resistance between the terminals of 
the galvanometer is varied by the introduction of shunts of 
diflerent values, does not require to be taken into consideration. 

Mr. Latimer Clark, in a communication addressed to the 
Society of Telegraph Engineers,* points out an error caused by 
the use of shunts in measuring discharge deflections. 

It was found that if a certain discharge deflection was obtained 
with a shunt, then on removing the latter the discharge deflec- 
tion obtained was larger than that given by multiplying the 

G 4- S 
original deflection by — ^ — • 

o 

After considerable research, the cause of the error was traced 
to the inductive action of the galvanometer needle on its coils. 
The movement of this needle set up a slight current, which 
opposed the discharge current, and consequently reduced its 
effect. This effect being more marked when the shunt was 
used, made the discharge deflection without the shunt to appear 
larger than it should. 

* 'Journal of the Society of Telegt«i.]^\i "Efli^meet^,' "SJo. t^ \^ U. 
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The formula for finding what would be the discharge de- 
flection obtained on the removal of the shunt, the discharge 
deflection without the shunt being given, may be thus arrived 
at; — 

First suppose the shunt to be inserted. 

Now, in all problems in which a current from a condenser has 
to be considered, we may suppose the condenser to be a battery 
with a resistance infinitely great compared with the resistances 
external to it. 

Let E be the electromotive force of the charge, E the resist- 
ance of the condenser circuit, G the resistance of the gal- 
vanometer, S the resistance of the shunt. 

Now let the movement of the needle generate an opposing 
electromotive force e ; then calling C, a, and p the respective 
current strengths in the galvanometer, condenser, and shunt 
circuits, we get the following equations : 

a- C-)S = 

aE + CG-E+e = 

aE + )SS-E = 0; 

therefore 

aE-fOG- E -fe-0 

aE-Ka- C)S-E = 0; 
therefore 

(E -f S) (CG + e) - S(E - OE) = 0. 

Next suppose the shunt to be removed, and let the strength of 
the current be Cj, and the new electromotive force generated by 
the movement of the needle be e^, then 

Ci= i-7-^; therefore E = Ci(E -f G) + e^. 

xC -j- ijr 

Substituting this value of E in the last equation, we get 
(E + S)(CG + e) - S(Ci(E + G) -f e^ - CE) = 0. 

Now e and e^ will be proportional to the deflections of the 
needle, that is to say, to the strengths of current producing 
those deflections. They will also be proportional to the 
strength of the magnetism of the needle, which we will 
represent by k. 
Then 

e = ic C, e^ = K Cj-^» 
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Substituting these values, we get 

(E + S) C(G + k) - SCCi(R + G + k) - E) = 0. 

Now, E is to be infinite as compared with. S and G ; therefore 
dividing both sides by E, and putting E = c», we find that 

C(G+k)-S(Ci-C) = 0, 
therefore 



c. = c(^±fii-«). 



To make this formula useful, we must determine the value of k. 
This can easily be done thus : — 

Provide two condensers, one having exactly twice the capacity 
of the other. Charge the larger one with a sufficient battery 
power to obtain a discharge deflection (a^) of, say, 200 divisions 
on the scale, with a shunt inserted equal in resistance to the 
galvanometer. 

Now remove the shunt, and having charged the other con- 
denser from the same battery, note the discharge deflection (a^) ; 
let it be 204 divisions. 

It will be seen that the deflection we should have obtained 
with the larger condenser and no shunt would have been 2 Og, 
and this is the theoretical deflection we should obtain when o^ 
is multiplied by the multiplying power of the shunt corrected by 
the constant k ; that is to say, 

/G + K+G\ 

therefore 

..2g(^-,). 

To continue the example we have given, let us suppose 
G = 5000 ohms ; then 

K=2x5000(|^-l) = 200. 

For the particular galvanometer, then, we have been con- 
sidering, we say that when measuring discharge currents the 
multiplying power of any shunt (S) which may be used is 

G -t- 200 -f S 
8 ■• 
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Suppose we have given the observed deflection without the 
shunt and also the observed deflection with the shunt, and we 
require to know what this latter ought to be in order to give 
us the true deflection compared with the first. Let the true 
deflection be A ; then by the ordinary formula 

c. = .(«±-^). 

But when the error exists, 

From these two equations we get 

therefore 

or in words : 

True deflection = observed deflection ( 1 + tt-^^— rr ) . 

\ ' Q + SJ 

It should be clearly understood that this formula is to be 
applied to the correction of the deflection obtained with the 
shunt, the deflection without the shunt being considered as the 
index of the current from the condenser. 

We may remark that this latter formula corresponds with 
that obtained by Mr. Charles Hockin,and given by Mr. Latimer 
Clark in the paper referred to. 

For practical use the formula 

Q + K + a^ 



c. = c(^i±|+^) 



is the only one we should require, as by it we can at once 
determine from the deflection obtained without the shunt what 
the deflection with the shunt would be, or vice versd. 

To take these discharge deflections we should make use of the 
condenser and the discharge key which we described in the last 
chapter. The connections would be made as shown by Fig. 56. 
On pressing down the discharge key K^, tha t^o ^c^sa ^'l ^^ 
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battery are put in connection with the two terminals A and B 
of the condenser C, and on releasing the key so that it comes in 
contact with the top contact, the two terminals of the con- 
denser are put in connection with the two terminals of the 



Fig. 56. 




galvanometer, which thus receives the discharge current 
through it. 

If we so arrange the connections that the top contact of the 
key, instead of being joined to the condenser through the 
galvanometer, is connected directly to it, and the galvanometer 
is placed between the back terminal of the key and the second 
terminal of the condenser ; then on pressing down the discharge 
key we get the current charging the condenser through the 
galvanometer, which has its needle deflected to one side of the 
zero point ; and then, on releasing the key, we get the discharge 
deflection, which will be of the same strength as the charge 
deflection, but in the opposite direction to it. The first arrange- 
ment, given by the figure, is, however, the one generally 
employed. 

The discharge deflection on the galvanometer is only 
momentary, the needle or spot of light immediately returning 
to zero. 

In using the Thomson galvanometer for measuring the dis- 
cbarge, the adjusting magnet miaBt 1d^ -^xnt hi^h up, if it is 
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placed with its poles assisting the earth's magnetism, or low 
down if it opposes it, so as to make the needle swing slowly 
enough to enable the deflection to be read on the scale. It is 
best to avoid making the needle swing very slowly, for then 
the spot of light will probably not return accurately to zero, but 
may be three or four degrees out. A little practice will enable a 
comparatively quick swing to be read to half a degree, or even 
less. 

Battery Resistance by Kempe's Method. 

Besides determining the electromotive force of a battery, we 
can also determine its internal resistance with great facility by 
means of a condenser. To do this, first charge the condenser by 
means of the battery, and note the discharge deflection or current, 
which we will call a ; next insert a shunt, S, between the poles 
of the battery ; again charge and discharge the condenser, and 
note the new deflection, which we will call /J. Now the amount 
of deflection produced on the galvanometer needle by the dis- 
charge, is the index of the charge in the condenser. Similarly 
in a condenser, the strength of the charge it takes up indicate 
the potential of the battery employed to charge it. We may 
therefore, in making calculations, regard the condenser as a 
galvanometer, but one having a very high resistance. Let us 
call this resistance B, and let E be the electromotive force of 
the battery, and r its internal resistance. 

First we have, before the shunt is inserted, 

E 

a = ,, , , therefore E = a (B + r) : 

next, inserting the shunt, we have, current passing out of 
battery equals 

E 

rS * 
B + 

and current passing through galvanometer 



therefore 



s 
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Equating the two equations, we get 

Er+ES + rS 



a(E + r)=)8 



» • 



s 

therefore 

o Er+ES+rS ''"'■^''''E" 



p ES + rS „ ,rS ' 

^ + E 

and since E is very great compared with the other resistances^ 

rS 
we may put -^ = ; therefore 

p~ S ' '-AJ 

therefore 

- = S"-^. [B] 

or if S be adjusted till -^ ^ P^ then 

r = S; 

but as it does not follow because )3 is half a on the galvanometer 
scale, that therefore the strength of the discharge is halved, 
we cannot well adopt this method of making the measurement. 
The most accurate method would be the following: — Join 
up the galvanometer, discbarge key, battery, and condenser, as 
shown by Fig. 56, and shunt the galvanometer until a con- 
venient discharge deflection is obtained on the scale ; note this 
deflection (a) and the resistance of the galvanometer shunt S^ ; 
next insert a shunt S between the poles of the battery of a 
resistance sufBcienl to about halve the discharge deflection on 
the scale. Now increase the resistance of the galvanometer 
shxint to S2 until the deflection becomes a, as at first ; we then get 

G + Sj „G + S, 

a — — — a 



^ In thiB and the succeeding problems we suppose the constant k (page 19 
to be included in G. 
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For example. 

With a galvanometer whose resistance (G) was 6000 ohms 
(which would be about the resistance of a Thomson's gal- 
vanometer), we obtained, with the unshunted battery, a dis- 
charge deflection of 800, using a galvanometer shunt (S^) of 
1000 ohms. On inserting a shunt (S) between the poles of the 
battery, of a resistance of 240 ohms, which about halved the 
deflection, it was found necessary to increase the galvanometer 
shunt to a resistance (S2) of 2200 ohms, in order to reproduce 
the original deflection of 300. What was the resistance of the 
battery ? 

_ 5000 (2200 - 1000) _ 

® - ^*" 1000 (2200 + 5000) " ^^' 

An error in this kind of test may possibly arise from one 
measurement being made with the battery unshunted, when no 
action goes on in it, and the second being made with it shunted, 
which may cause a falling off in its electromotive force, as 
action woiild then be taking place. The accuracy of the test 
depends upon the electromotive force being constant in both 
cases. 

Battery Eesistance by Munro's Method. 

A very excellent modiflcation of the foregoing method has 
been devised by Mr. J. Munro ; it possesses the great advantage 
of being free from the cause of error just mentioned. 

In this test (Fig. 57) the battery, galvanometer, and con- 
denser are joined up in circuit with a key, "K^, On depressing 
the latter the charge from the 
battery rushes into the condenser 
through the galvanometer, pro- 
ducing the same deflection as 
would be produced if the con- 
denser, when charged from the 
battery direct, were discharged 
through the galvanometer. 

The discharge (a) being noted, 
the key is kept permanently 
down, or the wires connecting it 
joined permanently together, so 
as to keep the condenser charged. 
By means of key K^ a shunt (S) is now connected between 
the poles of the battery ; at the moment this takes place the 
potential of the latter falls, and a levei^^ ^lq^j^q^otl ^i ^<b ^^^f^^^^ 



Fw. 57. 
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of the galvanometer is produced. This deflection being due to 
an alteration of the potential from a to )3 (the latter being the 
same quantity as that given in the previous test), will be of the 
value 

£ = a — )S, or, )8 = a — £. 

If, then, we substitute this value of fi in equation [B] of the 
previous test, we shall get 



r = S 



a-i 



As no appreciable polarisation can take place in the battery till 
some seconds after the shunt has been connected to the battery 
by the key, and as the deflection takes place immediately the 
key is depressed, it follows that very accurate results will be 
obtained by this test 

When comparing large electromotive forces with small ones 
— as, for instance, 100 cells with 1 cell — the smaller force 
should be taken first; for a large charge usually leaves a 
residuum in the condenser, which may be greater than the 
small force, and which can only be thoroughly dissipated by 
leaving the condenser short-circuited for some time. If the 
smaller force is measured first, then any residuum it may leave 
becomes entirely swamped by the larger force, and no increase 
of charge is added to the condenser beyond what the force itself 
possesses. 

Although the condenser practically becomes charged instan- 
taneously, it is best to keep the current on for a definite time, 
such as half a minute or a minute. We shall then be certain 
that the charging is complete. 

Especial care must be taken to insert a shunt of small 
resistance in the galvanometer at first, as discharge currents 
are very liable to weaken the magnetism of the needles when 
these currents are strong. If this precaution is not taken, a set 
of measurements for one test may be rendered useless, as 
a comparison of measurements made before the magnets become 
weakened, vdth measurements taken after, would be obviously 
impossible, and much loss of time would result. 
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CHAPTEE XII. 

MEASUBEMENT OP ELEOTBOSTATIO CAPACITIES. 

The simplest way of measuring electrostatic or inductive capa- 
cities is, with the same battery power, to compare the dis- 
charges from the unknown capacities with the discharge from 
a condenser of a known capacity ; thus we note the discharge 
deflection a given by the standard condenser F, and then the 
discharges a^ Oj, &c., given by the cables or condensers whose 
capacities Fj, Fj, &c., are required, in which case 

F : Fi : F, : : a : Oi : a,. 

For example, 

A standard condenser had a capacity of ^ microfarad, and 
gave a discharge deflection of 300, and two other cables or 
condensers, F^, F„ gave discharge deflections of 225 and 180 
respectively, then 



that is, 



and 



^ : Fi : F, :: 300 : 225 : 180; 



Fi = J . gj^ = i microfarad, 



r. = i . 1| = i xnicrofarad. 



If we use shunts and obtain the same deflection, then 

1 -F .p .. q + s . q + s. . Q + s. 

In measuring the eleotrostatio capacity of a cable by this 
method, the connections for measaiiiig lu& ^Ssfd[i'Kt%%^vsvs^'v^<ik 
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cable wonld be made in the manner indicated by Fig. 58. The 
arrongdmenta for measaring the disoharge from the condensei 
would be those indicated by Fig. 56 (page 192). 




!E<LrtK 



Then, as before, the capacity of the cable will be to the oapa- 
oity of the condenser as the discharge deflection of the one is to 
the disohai^ deflection of the other, or obtainii^ the same 
deflectioQ by means of shnnts, as the mnltiplying power of the 

The oajpacity per mile will be the result divided by the 
mileage of the cable. 

When a rmmber oF capacities of about the same value have to 
be measured, as, for instance, the capacities of two-knot lengths 
of cable core, a device may be adopted which considerably simpli- 
fies the operation. Let F b» ttie capacity of the standard oon- 
denaoT whose discharge is D divisione, and let /be the capa<nty 
of one of the lengths of cable, and d the discharge from the 
same. Then we have 

P : / : : D : <J, 



/ = 



Fd 
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F 

Now if we make =- a submultiple of 10, then the value of d 

read off from the scale will give at once the value of /• Thus, 
if F were a condenser of ^ microfarad capacity, and we so ad- 
justed the galvanometer that this capacity gave a discharge 
deflection of a little over 333 divisions, then we should have 

jf- H , ^ . 
•' 333 J 1000 ' 

so that if the discharge deflection reading from the cable con- 
sisted of three figures, a decimal point put before the latter would 
give at once the capacity of the cable ; or if the reading con- 
sisted of two figures, then we must put a decimal point and a 
cypher. In the same way, if we had a condenser of 1 micro- 
farad capacity, we shoxQd adjust the galvanometer so as to obtain 
a deflection of 100 divisions, for then 



100 100 



Siemens' Loss of Charge Dischaboe Method. 

The principle of this method of measurement is that of 
observing the rate at which the charged condenser or cable, 
whose capacity is required, discharges itself through a known 
resistance, and calculating the capacity from a formula which 
we will now consider. 

The elements with which we have to deal are : capacity (farad), 
resistance (ohm), quantity,* time (second), and potential (volt). 

Let us suppose the cable or condenser has an electrostatic 
capacity of F farads, and is charged to a potential of V volts, so 
that it contains Q units (equal to YF) of electricity, and is 
discharging itself through a resistance of B ohms during one 
second. 

The quantity of electricity iii«*the condenser or cable at 
starting is Q units. • w. 

If now we take a very short trtp^rval of time t, we may con- 
sider the discharge, which really varies continually, to flow 
throughout that time <, at the same rate as it had at the com- 
mencement, and the smaller t is taken, the more accurate will 
be the result. 

Thus, since the quantity escaping is directly proportional to 
the potential driving it out, and to the time during which the 

* No name has been giyen to tbda Q\eme^V 
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escape occurs, and inversely proportional to the resistance 
through which the escape takes place, the quantity escaping 
will vary as 

-^TT- , that is, it equals -^ K, 
xC xC 

where K is a constant to be determined. 

Now the units are so made that a condenser of 1 farad electro- 
static capacity charged to a potential of 1 volt, that is, con- 
taining 1 unit quantity of electricity, will commence to dis- 
charge itself through a resistance of 1 ohm, at the rate of 1 unit 
quantity a second. That is to say, 

1 = — - — K, therefore K = 1. 

The quantity escaping during the interval of time t in our 
problem is therefore 

Yt 

The quantity remaining in the condenser will be 



«-^' = «-^' = <-r'B> 



E ^ FR 



Again, since this is the quantity at the commencement of the 
second interval, that at the end will be 

and that at the end of the nth second will be 

Let these w intervals of t seconds equal T, so that w < = T. 

Now we have seen that the smaller t is, the more accurate 
wUl our results be. Let us therefore make ^ = and n = oo , 
so that n t still = T, we shall then get a perfectly accurate 
result, and the amount remaining at the end of time T will be 



where » = oo. 



^ = <^-;r^)" 
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To evaluate q put 



so that 
then 


nFK X ' 
oj — 00 when n = oo ; 



when X = Qo; but when this is the case the expression within 
the square brackets is known to be equal to e,* thus 





3 --i. 


therefore 






T , Q 


therefore 






r- '^ : 




Blog,| 


but 




Q VF V 




q ~ vF ~ v' 



where v is the value of the potential corresponding to the value 
q of the quantity, thus 

T T 

^ = Y = V ' 

Eloge- 2-303Elog-- 

V V 

where, as stated at first, T is measured in seconds, F in farads, 
and B in ohms. 

Since V and v now appear in thd form of a proportion, the 
unit in which they are measured is immaterial, although they 
were measured at the outset in volts. 

This constitutes one of the values of the formula. 

In practice E is usually measured in megohms (1,000,000 
ohms), and consequently F will, in such a case, be measured in 
microfarads ( ,,^00.000 ^^^*^> 

♦ Todhunter's Algebra, Fifth Edition, Gh«i^t6t "SXXXS.. 
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For example, 

A folly charged condenser gave a discharge deflection of 300 
(Y); after being recharged and allowed to discharge itself 
through a resistance of 500 megohms for 60 seconds (T), the 
discharge deflection obtained was 200 (v). What was the 
capacity of the condenser ? 

_ 60 . *. , 

F = ;— = * 295 microfarads. 

2-303 X 500 log ^ 

In executing this test it is advantageous to make Y and « 
bear a certain proportion to one another, for this will cause any 
small error in reading the value of v to produce as small an error 
as possible in the value of F when the latter is worked out from 
the formula. This may be proved thus : 

Let us assume B to be constant, and let there be an error X in 
F caused by an error 8 in «, then 

T T 
F + X= ^. or, X = v""^' 

but 

T TV 

P = -— ^. or. 5= Flog.-; 

Elog.- 

therefore 

V 



A. = F 1 F = P 



log. (1 + 9 



log .-^^ log . 



8 

which, since 8 is very small, equals F = = F --. 

log.- »log.- 

Now the value of «, which makes X a minimum, can be asoer- 
tained by the differential calculus in the usual manner, t; being 
the variable ; and the result is, that for a minimum we have 

V V 



V = re, or «=— = 



e 2-71878 

V 



so that practically we may say — make t? = 

o 
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We need not be particular, however, about making v exactly 
Y 
equal to 5^ , as we coxQd make it 50 per cent, greater or less than 

this value without materially increasing X. If the rate of fall 
were comparatively quick, there would be a positive advantage 

in making v less than ^, as the greater we make T, the less will 

o 

any small error in its value affect the correctness of F, as must 

be self-evident. 

Now, if E is adjustable, it is clear that by making it lar^e 

enough we could make T large without reducing v too much. 

In the case of a cable, B, being the insulation resistance, is of 

course a fixed quantity, but when the measurement is being 

made with a condenser, any value may be. given to It that is 

considered convenient. We therefore have, 

Beat Gonditiona for moMng the Test, 

V 

Make t; as nearly as possible equal to -3. When it is possible 

to adjust B, make the latter as high as convenient. 

When it is an ordinary condenser whose capacity we are 
measuring, the connections would be. the same as those given 
in Fig. 56, page 192, with the addition of the resistance, which 
would be inserted between the terminals of the condenser. 

The instantaneous discharge (V) can be taken without remo- 
ving the resistance; for, since the latter would be extremely 
high, there would be no time for any of the charge to have 
leaked out through it daring the small interval occupied by the 
lever of the key in passing from the bottom to the top contact. 
To take the discharge after the interval of time, having charged 
the condenser by pressing down the lever of the discharge key, 
we should depress the " Insulate " trigger, which would take 
the battery off but not discharge the condenser ; then, after the 
noted interval of time, we should depress the "Discharge" 
trigger, which woxQd allow the charge remaining to flow out, 
the deflection obtained from which gives us v. 

To measure the capacity of a cable by this method, the 
connections would have to be those given in Fig. 58, page 198, 
and the way of making the test would be the same as has just 
been explained. B in this case is the insulation resistance of 
the cable, which in this and the following method would have 
to be determined beforehand in the manner described in 
Chapter XIY., page 231. Inasmuch as B in. a caAAs^^ %i^w^^6i^^ 
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quantity and is dependent npon the time a charge is kept in the 
cable, a mean value only can be given to it, and therefore this and 
the following test can only give the value of F approximately. 



Siemens' Loss of Oharge Deflection Method. 

If the two terminals of a condenser are connected by a high 
resistance in the circuit of which a galvanometer is placed, and 
if the two terminals be also connected to a battery, then the 
condenser will become charged up, and the permanent deflection 
obtained on the galvanometer will represent the potential of 
the charge. If now the battery be taken oflF, a current will flow 
from the condenser through the resistance and the galvanometer, 
which current will continually decrease in strength as the con- 
denser empties itself. But the current flowing at any particular 
moment will be represented by the deflection obtained at that 
moment, and this deflection will be the same as that which would 
be obtained if the condenser were kept continuously charged to 
the potential it had at that moment. 

The deflection obtained therefore on the galvanometer when 
the battery is connected to the condenser, in(£cates the potential 
which the latter has when fully charged, and the deflection after 
any interval of time after the battery has been taken off, indicates 
the potential of the charge remaining ; the capacity therefore is 
given by the formula 

F = ^ m.f., [A] 

2-303 R log- 

in which D is the deflection obtained when the battery is on, 
and d the deflection obtained after T seconds, the battery being 
off during that time. B is the resistance through wluch the 
charge flows. 

It may be remarked that the deflection obtained when the 
battery is on is not affected by the presence of the condenser ; it 
would be the same whether the condenser were connected up 
or not. 

The connections for making a test of this kind would be as 
follows : — Referring to Fig. 66, page 192, the terminal of Kj, 
which is connected to the top contact of Kg, should in the present 
case be connected through the resistance R to terminal A of the 
condenser ; the other connections remain the same. 

In the case of a cable where the flowing out of the charge 
takes place through the inBulatm^ fihoathin^^ a galvanometer 
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cannot be put in the circuit of the flow. To enable the fall of 
charge to be observed, therefore, a high resistance in circuit with 
the galvanometer is connected to the cable, and through this 
resistance a part of the charge passes. As it is only the rate at 
which the fall takes place that is required, it is quite sufficient* 
in order to observe this fall, that a part only of the charge be 
allowed to flow through the galvanometer. 

If we call El the insulation resistance of the cable, and Rg the 
resistance connected to it, then the total resistance through 
which the charge flows will be 

Xii -j- si-2 

This quantity must be substituted in the place of E in 
equation [A], whence we have 

T 

F = -^ = m.f. 

The resistance E, includes the resistance of the galvanometer, 
but as the latter in almost any case would have to be shunted 
with a shunt of very low resistance, it may, since Ej is a very 
large quantity, be neglected without appreciable error. 

As in the flrst test, it is necessary that the resistance E^ 
through which the discharge has to pass, is sufficiently great to 
prevent the flow from being too rapid. 

For example. 

A cable 80 knots in length being connected up, for making 
the test just described, with a galvanometer, and a resistance 
E2 of 4 megohms, the deflection D obtained was 300 divisions. 
On taking off the battery the deflection after 30 seconds (T) fell 
to 100 divisions (d). The mean insulation resistance Ej of the 
cable being 10 megohms, what was the electrostatic capacity of 
the cable ? 

^ " 1^. 10X4, 300 = ^"^5 "'•^• 

2-302 X ^0+1 ^°« 100 

0-55 
or—— = '318 m.f. per knot. 

The connections for making this test would be as follows : — 
Eef erring to Fig. 58, page 198, the terminal oi^^e^'^^^Vscg^Vi^'^J^^ 
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being connected to the top contact of the discharge key, would 
in the present case be connected to the cable through the 
resistance Ej. 

A great advantage which this test possesses over the first 
method, lies in the fact that it is correct either for long or short 
cables. Discharge deflections from long cables, or cables coiled 
in tanks, do not correctly represent their capacity, in consequence 
of a retardation which takes place in them and which causes 
the deflection of the galvanometer needle to be less than it 
would be if this retardation did not exist. By adopting the fall 
of deflection plan we avoid this cause of error; but, as we 
pointed out at the conclusion of the last test, since B^ can only 
have a mean value, the value of F obtained from the formula 
will only be approximate. 

Thomson's Method. 

This is perhaps the best method of any, and it can be applied 
to long cables, &c., with very accurate results. 

The following is its principle : — 

If we have two condensers containing equal charges of opposite 
potentials, and we connect the two together, the two charges 
will combine and annul one another, and if we then connect the 
two condensers, so joined, to a galvanometer, no deflection will 
be produced, there being no charge left in either of the two. 
If, however, the charge in one condenser exceeds that in the 
other, then the union of the two condensers will not entirely 
annul their charges, but an amount will remain equal to the 
difference of the two quantities. This quantity will deflect the 
needle if the joined condensers be now connected to the gal- 
vanometer, the deflection being to the right or left, according as 
the charge in the one or other of the condensers had the pre- 
ponderance in the flrst instance. 

If then we know the capacity of one condenser, and we so 
adjust the potentials of the two that no charge remains when 
they are joined together, we can determine the capacity of the 
other condenser. 

Let Qi and Q2 be the charges in each ; then 

Qi : Q2 :: V^F, : V^F,, 

where Fi and F, are the capacities of the two, and Vi and V2 the 
potentials of their charges. 
When Qi = Q2 then 
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or 



y 

The difficulty in making this test lies in the adjustment of 
the potentials Y^ and Y^. 

Fig. 59 shows Sir William Thomson's method of making the 
test when it is a cable whose capacity has to be measured. 

Fio. 69. 



HHtlJlHK 




lEarth 



The poles of the battery are joined together by two resist- 
ances E] and B2 connected to earth as shown. Then the poten- 
tials at the points of junction of the battery with the resistances 
will be in the proportion 

Yi : Y, :: El : B,;* 



and since 






f. = ^;f.. 


therefore 






F.= Jf.. 



where Fi is the capacity of the cable, and Fg the capacity of the 
condenser. 

♦ Page 185. 
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In making the test practically, the key Kj would first be 
pressed down to disconnect the galvanometer from the cable, 
and then E^ and B, having been adjusted as nearly as can be 
guessed in the proportion of F, to Fg, plugs are inserted between 
the segments a h and c d of the reversing switch S''. This 
charges the cable and condenser. 

The plugs are now removed, and a plug inserted between the 
segments h and d. This connects the cable and condenser. 

The " discharge " trigger of key Kj is now pressed, which allows 
any charge which may remain uncancelled to be discharged 
through the galvanometer G. If no deflection is produced, then 
El and Eg are correctly adjusted, but if not they must be re- 
adjusted until no discharge is obtained; F^ is then calculated 
from the formxda. 

For example. 

A cable 500 knots long was joined up with a condenser of 20 
microfarads capacity, and with resistance coils, according to 
Thomson's method of measuring electrostatic capacities. When 
Ej and Eg were adjusted to 500 and 4400 ohms respectively, no 
charge remained in the cable and condenser when the two were 
connected together. What was the capacity of the cable ? 

4400 
Fi = '^x20 = 176 m.f., 

that is, 

176 

=7-7: = 352 m.f. per knot. 
oUU 

If it were the capacity of a condenser which was to be mea- 
sured, then the connections would be similar to those in Fig. 59, 
with the exception that the points there put to earth would in 
the present case be connected to the second terminal of the 
condenser. 

The resistances E^ and Eg may be formed of a slide resistance, 
the slider being to earth in the case of a cable test, or con- 
nected to the second terminal of the condenser in the case of a 
condenser test. 

With regard to the best values to give to E^ and Eg, there is 
nothing to be said except that the higher they are, the closer of 
course can they be adjusted. The battery power should be 
sufficiently high to enable a perceptible discharge deflection 
to be obtained when E^ and Eg are only a little out of exact 
adjustment; thiB is best determmed. \>y ^x^^TVmi^TLt. 
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Divided Charge Method. 

If a charged condenser lias its two terminals connected to the 
two terminals of a second condenser which contains no charge, 
then the charge will become distributed over the two ; and if 
the condensers be then separated, the quantities held by them 
will be directly proportional to their respective capacities. 
Thus, if Qa be the charge contained in a condenser whose 
capacity is Fj, then if it is connected to a condenser or cable 
whose capacity is F^, the quantity Q which will remain in Fj 
will be 

F 

From this we get 

If then Q2 be the discharge obtained from a condenser Fj 
when full, and Q the discharge obtained from it when, after 
being charged from the same battery, it is connected for a few 
seconds to F^, then the capacity of F^ is given by the above 
formula. 

For example, 

A condenser of J- microfarad capacity (Fg), when fully charged, 
gave a discharge of 300 (Q2). After being recharged and con- 
nected for a few seconds to a piece of cable whose capacity F^ 
was required, the quantity of charge remaining gave a discharge 
of 140 (Q). "What was the capacity of the piece of cable ? 

300 - 140 

Fi = ^ X —340— = '^^^ ^-^^ ■ 

The capacity which the condenser Fj should have in order 
that the test may be made as accurately as possible, may be thus 
arrived at : — 

Let there be an error X in F^ caused by an error — 8 in Q ; 
we then have 
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but we know that 

Qn-Q -_ ™ ™ Q 



Pi = "^2 r^ . OT F, = Pi 



therefore * 

^+ ^^Q,-Q^ Q-8 ' 

that is, 
X - -F f Q ,, Qa - (Q - 8) i) p Q»^ : 

MQ;^'^ 0^8 l"^(Q,-Q)(Q-8) 



or, since 8 is a very small quantity, we may say 

X = 



Q2S 



(Q2 - Q) Q 

Now we have to make X as small as possible, and this we shall 
do, since Q2 and 8 are constant quantities, by making (Qg — Q) Q 
as large as possible ; but 

(Q,-Q)Q = %-(Q-|y; 

and to make this expression as large as possible, we must make 
(q _ !z2 j as small as possible ; that is, since Q must be positive, 

we must make it equal to 0, or 

Q-^^ = 0; that is, Q=^; 

or, in other words, the capacity of F2 should be such that, when 
it is connected to F^ it should lose half its charge. This is 
obtained, of course, by making Fj equal to F^. We have, 
therefore. 

Best Conditions for making the Test, 

Make Fj as nearly as possible equal to F^. 

The connections for the practical execution of the test would 

be very similar to those shown in Fig. 56, page 192, but the 

condenser or cable under trial would be substituted in the place 

of the battery. When it is a cable whose capacity is being 

measured, then terminal B wouVd "be y^\. to ^^t\k, ?>sv6l the wire 
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shown as leading from B to the battery would be removed. The 
test would then be made in the following manner : — 

Key Kg being pressed down so as to hitch on the " Insulate " 
trigger, the cjondenser C would be charged by touching the ter- 
minals A and B with the wires from the two poles of the battery. 
The " Discharge " trigger of the key then being depressed, the 
discharge Q2 is noted. The key then being again placed at 
" Insulate," and the condenser again charged up by the battery, 
the key would be pressed down on to its bottom contact ; tms 
puts the condenser C in connection with the trial condenser or 
cable. The " Discharge " trigger then being pressed, the dis- 
charge Q is noted. 

The divided charge method is very accurate when employed for 
measuring the capacity of short cables coiled in tanks. It would 
also be perfectly accurate when applied to long cables, or to 
condensers of high capacity, provided a standard condenser 
sufficiently large could be employed ; but as such a condenser 
could seldom, if ever, be obtained, it is not a suitable method for 
such purposes. 

By a modification of the principle, due to Dr. Siemens, a 
comparatively small condenser may be used for measuring the 
capacity of long cables, or of condensers of high capacity. It 
may be called 

Siemens' Diminished Charge Method. 

If we connect a condenser to a charged cable, the latter loses 
the amount which the condenser takes up, and if the condenser 
be dischai^ed and then again connected to the cable, and again 
discharged, and this process be repeated several times, the quan- 
tity in the cable can be definitely diminished as much as we like. 
The quantity removed each time, however, is not the same, 
but becomes less and less each time. 

Let Q2 be the quantity contained in the condenser, and Q^ the 
quantity contained in the cable when they are full charged from 
the same battery. Then 

Q2 : Qi : : Fa : Fi, 
or Qi = Q2 |r • 

Supposing now the cable to be fully charged, and the battery 
taken off, and the condenser to be empty, then, on connecting the 
condenser to the cable, the charge the former will take will be 

^^F, + Fi ^^F.'^F.+ Er^^-^^-V^C 
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wMlst the quantity remaining in the cable will be 

^' Fj + ^\ 

9 

On discharging the condenser and connecting it a second time 
to the cable, the charge it will take will be 

Q F, F, _qF. F, F, _ / F, y. 

*^'F, + Fi^ P, + Fi - '*'F, ^ F,+ F, "^ F, + Fi '^ VFj+Fj^ ' 

consequently, after the nth application, the charge Q it will 
take will be 



therefore 



F, ;ni 



from which 



^2 + F^ ^Q 



2 



^1 = ^2 n/rr^ " / 



For example. 

A condenser of '5 microfarad capacity (Fg), when full, gave a 
discharge equal to 300 (Qg). A cable whose capacity was re- 
quired was charged from the same battery which was employed 
to charge the condenser. The latter was then alternately con- 
nected to the cable, removed, and discharged 10 times ; on the 
tenth occasion the discharge was noted, and it was found equal 
to 200 (Q). What was the capacity of the cable ? 

An objection to this test, when applied to a cable, lies in the 
fact that, as some little time must be expended in making the 
repeated charges and discharges, during that time a leakage of 
the charge will be going on through the insulation of the cable ; 
the accuracy of the test depends upon this leakage being nothing, 
or at least very small. 

The connections for making this test would be similar to 
those employed in the foregoing test, and the practical execution 
would be the same, with the exception that the trial condenser 
or cable, and not the standard condenser, would be charged 
from the battery, and in taking the repeated discharges the 
galvanometer would have to be fthoTt-circxxiifeOi. 
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CHAPTER ^11. 

THE THOMSON QUADRANT ELECTROMETER. 

This is a most valuable and useful instrument for accurately 
measuring potentials. 

Description. 

Fig. 61 (p. 214) gives a general view of the instrument. 

In the small figure to the right, n n is a thin needle of sheet 
aluminium, shaped something like a double canoe-paddle. It 
is rigidly fixed at its centre to an axis of stiff platinum wire h 
(Fig. 60), in a plane perpendicular to it. At the 
top end of the wire a small cross-piece i is fixed, to ^'^;^^' 
the extremities of which single cocoon fibres are 
attached. These fibres are fixed to small screws ^ 
c and d, by the turning of which the length of 
the former can be altered. The small screws a 
and h enable the screws c and d to be shifted 
either to the right or left. Finally, by turning 
e, the screws a and b can be parted more or less, 
thereby separating the threads of suspension, and 
rendering the tendency of the needle to lie in its 
normal position more or less powerful. 

A little below the cross-piece t is fixed the 
mirror w, whose movements are reflected on a 
scale in a manner similar to that of the Thomson 
galvanometer before described. The platinum wire 
below the mirror passes through a guard tube t (Fig. 61), 
to prevent any great lateral deviation of the needle and its 
appendages, which might cause damage should the instrument 
receive any rough usage. The guard tube itself is fixed to the 
framework from which the needle is suspended. 

It will be seen in the figure that the needle is suspended, 
apparently beneath four quadrants (q), A, B, C, and D. There 
are, however, four quadrants also below the needle, united to 
the top ones at their circumferences. The arrangement is in 
fact a round, flat, shallow box, cut into four segments. 

The alternate segments are connected together b^ ^xsss?^ 
shown in the figure. 
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Now, if the needle is electrified and the quadrante are in 
their normal iinelectrified condition, and are placed 8ym- 
metrically with reference to it, no effect will be produced on 
the needle. That ie to say, the spot of light on the scale will 
be stationary exactly at the centre line. 

But if the quadrant D, and consequently A, be electrified, then 

Pto.61. 




an attraction or repulsion will be exerted on the needle, causing 
it to turn through an angle proportional to the potential of the 
electricity. 

As the angular movements are very small, the number of 
divisions of deflection on the scale will represent the degree of 
potential wJiich the quadrante hstve. 
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We can also connect another electrified body to and B; 
the needle will then move under the influence of both forces. 

To render the instrument of real practical use, several 
conditions must be assured. 

Let us suppose the needle to be electrified. 

We stated that, at starting, the ray of light should point to 
the centre line on the scale. To ensure this, the quadrants 
must be symmetrically placed. This can be roughly done by 
hand, as means are provided for enabling the quadrants to slide 
backwards or forwards, and to be fixed by means of small 
screws shown in the large figure. For making the final adjust- 
ment, one of the quadrants (B) is provided with a micrometer 
screw (g\ which enables a very slight motion to be given to it. 

We must also have means of keeping the needle at one uniform 
potential for a considerable time. 

The needle itself could only contain a very small amount of 
electricity, and a slight escape of this would seriously lower 
the potential, and make comparative measurements useless ; for 
it is evident that the whole principle of the instrument depends 
upon the potential of the needle remaining constant during the 
time a set of experiments are being made. 

To get over this difficulty a large glass jar, like an inverted 
shade, is provided, partially coated with strips of tin-foil (/) 
outside. Inside the jar, to about a thii'd of its height, strong 
sulphuric acid is placed. This answers a threefold purpose. 
It enables the air inside it to be kept quite dry, thereby very 
perfectly keeping those parts insulated which require to be so. 
Secondly, it holds a charge of electricity (acting as the inner 
coating of the jar) ; and thirdly, it allows the charge to be 
communicated to the needle without impeding its movements. 
This latter is effected by means of a fine platinum wire, which 
is attached to the lower end of the thick wire which supports 
the needle and mirror. 

The fine wire dips into the acid, whose charge is thereby 
communicated to the needle. 

To keep this wire from curling up out of the acid, and also to 
steady the movements of the needle, a small plummet of plati- 
num is attached to the end of the wire, as will be seen in the 
figure. 

A thick platinum wire, fixed to the lower extremity of the 
guard tube /, and reaching nearly to the bottom of the jar, is for 
the purpose of enabling the latter to be charged, in a manner to 
be explained. 

So far, the jar answers the purpose of keeping the needle 
supplied with electricity ; but aIth.o\xg\i >i\i\'a m^"^ ^x^-s^^sX. *Oaa 



216 HANDBOOK OF ELEGTBIGAL TESTING. 

potential from falling very rapidly, it will not prevent its doing 
so entirely. 

As the instrument is extremely sensitive to very slight 
differences of potential, some means are requisite by which 
any small loi^s can be easily supplied without there being any 
danger of putting in too much. 

This is effected by means of the " replenisher" whose principle 
we can explain by the help of the small cut to the left, in 
Fig. 61. 

A and B are two curved metal shields, one of which (say A) 
is connected to the acid in the jar and the other, B, to the 
framework of the instrument, and through it to the foil outside 
the jar. 

h and h are two metal wings insulated from one another by a 
small bar of ebonite, which is centred at «, so that it turns in a 
plane represented by the paper. The spindle is represented in 
the large figure by «, other parts being omitted for simplicity. 

It will be observed that the wings curve outwards. This is 
done in order that they may make a short contact in their 
revolution with springs c c and e e. c and c are connected 
together permanently, but are insulated from the rest of the 
apparatus, e and e are connected to their respective shields A 
and B. 

Now let us suppose the wings to be rotated in the reverse 
direction to that in which the hands of a watch turn. 

As soon as the left-hand wing comes in contact with the 
spring c at the lower part of the figure, the right-hand one 
comes in contact with the other. The two wings being thus 
connected together, and under the infiuence of the shields, the 
electricity in A, which we will call positive, draws negative to 
the wing close to it, and drives the positive to the other wing. 

On rotating a little farther the wings clear the springs, and 
being thus disconnected, each retains its charge. 

Continuing their rotation, the right-hand wing, which had 
the positive charge communicated to it, comes in contact with 
the spring of shield A, and the charge is communicated to the 
jar, the negative in like manner on the other wing running to 
the outer coating of the jar. The shields are now in a neutral 
condition, as at first, and on continuing the rotation the process 
is repeated. 

Thus every turn increases the potential of the charge in the 
jar, and by continuing the rotation we can augment this as 
much as we please. 

By reversing the motion we can diminish the charge, if we 
require to do so. 
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The axis of the replenisher projects above the main cover, 
and is easily turned by the finger. 

But we still require some arrangement by which we can see 
whether we have kept the potential constant. This is done by 
means of a small " gaibge" 

The gauge consists of two metallic discs having their planes 
parallel and close to each other. The lower of these planes, 
which will be seen dotted at the tipper part of the figure, is in 
electrical connection with the acid of the jar from which it 
takes its potential. The tipper disc is perforated with a square 
hole immediately over the centre of the lower disc. 

A light piece of aluminium, shaped like a spade, has the part 
corresponding to the blade fitting in this square hole. At the 
point where the handle would be joined to the blade this spade 
is hinged, by having a tense platinum wire fixed to it, which runs 
at right angles on each side of the handle and blade, ^nd lies 
in the same plane as the latter. 

When the lower plate is electrified, it would attract the blade, 
thereby raising the end of the handle. So that if we notice 
the position of the end of the handle with respect to a mark, 
and see that it moves above or below it, we know that the elec- 
tricity of the lower plate is either overcoming the tendency 
of the light platinum wire to keep it up, or is unable to 
do so. 

If then we charge our jar to such a potential that the 
position of the handle is just by the mark, and we keep it so, 
we know that the potential of the jar is constant. When we 
notice the handle sinking below the mark, we know that the 
potential of the jar is sinking ; but a few turns of the replenisher 
will bring it up again. 

In the actual arrangement, the rung of the handle would 
represent a fine black hair. 

Inside the handle there rises a small pillar, with two black 
dots on it. The sign of division 4- represents this, the line 
being the hair which, by the movement of the spade blade, 
rises above or below the two dots, which of course would be 
almost quite close together. 

To enable the hair and spots to be seen distinctly, a plano- 
convex lens is placed a little distance off. Care must be taken, 
in order to avoid parallax error, to keep the line of sight a 
normal to the centre of the lens. 

We spoke of the lower disc, which becomes electrified by the 
jar, and which acts on the spade blade. Now it is evident that 
if the distance between the plates be always the ^^\!c^<^^ 
and the elasticity of the platinum ax\a\^\^\i^^^<^'*Ci^^>a»ssia. 
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to get the hair between the two spots is to obtain the jar at the 
same potential. 

But we may require to get this potential, although the same 
whilst a certain set of the experiments are being made, yet 
different for different series of experiments. This is provided 
for by enabling the lower disc to be lowered by screwing it 
round. 

To enable high potentials to be measured, an ** induction plate " 
is added. It consists of a thin brass plate, smaller in area than 
the top of the quadrant beneath it, and supported from the main 
cover by a glass stem. It is provided with an insulated ter- 
minal I. The use of the plate will be explained later on. 

A flat brass plate covers the mouth of the jar, and is secured 
to it so as to be air-tight and prevent the entrance of moisture. 

A kind of lantern rises from the middle, which covers the 
mirror and its suspending arrangements, and above this a box 
with a glass lid protects the gauge. 

The front of the lanteiii is of glass, which allows the ray of 
light to fall on the mirror and be reflected back on the scale. 

Terminal rods or electrodes in connection with each set of 
quadrants pass through ebonite columns to the outside of the case, 
and have appropriate terminals attached to them. They can 
be pulled up and disconnected from the quadrants if necessary. 

A charging rod (seen in Fig. 61 to the left of the left-hand 
quadrant terminal) also is provided which can be turned round 
on its axis. It has at its lower end a small spring, fixed at 
right angles to it. By turning this terminal rod round, the 
spring can be brought in contact with the framework from 
which the needle is suspended, and thereby, through the medium 
of the guard tube and the platinum wire attached to it, the acid 
in the jar can be charged. When this is done, the spring is 
moved away, so that no accidental leakage can take place 
through it. 

Various insulating supports are provided inside the jar and 
lantern. One supports the guard tubes and the adjusting screws 
of the needle ; others support the quadrants. 

The whole arrangement is supported by a kind of tripod on 
a metal base, to keep it steady. There are also levelling screws, 
and a level on the brass cover, to enable the instrument to be 
properly levelled, so that the axis of the needle may swing clear 
of the guard tube. 

H is a screw-capped opening through which acid can be 
introduced into the glass jar. 
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To Bet up the Instrument, 

In setting up the instmment for nse the following instructions* 
should be followed : — 

The cover being unscrewed and lifted off and supported about 
18 inches al:)ove the table, it will be observed that the stiff 
platinum wire to which the needle is attached just appears below 
the narrow guard tube enclosing it, in the centre of the quadrants, 
and terminates in a small hook. The loop at the end of the 
fine platinum wire is to be slipped over this hook, so that the 
fine wire and plummet may hang from it. The wide guard 
tube, when in its proper position, forms a continuation of the 
upper guard tube, so as to enclose the fine platinum wire 
just suspended. It must therefore be passed upwards over the 
suspended wire, and neck foremost, until the neck embraces the 
lower part of the upper guard tube, where it must be fixed 
by the screw pin provided for the purpose ; this pin is screwed 
in by means of one of the square-pointed keys, supplied with 
the instrument, fitting the square hole in its head. This being 
done, replace and fasten the cover, place the instrument on a 
sheet of ebonite or block of paraffin wax so as to insulate it, and 
level up by means of the circular spirit level on the cover. 

Next unscrew and lift off the lantern and, if necessary, adjust 
the four quadrants so that they hang properly in their places, 
with their upper surfaces in one horizontal plane. The needle 
and mirror which have been secured during transit by a pin 
passing through the ring in the platinum wire just above the 
guard tube, and screwed into the brass plate behind, must now 
be released by unscrewing this pin with the long steel square- 
pointed key, and placing it in the hole made for it in the cover 
just behind the main glass stem to prevent its being lost. The 
needle will now hang by the fibres. 

The two quadrants in front of the mirror should now be 
drawn outwards from the centre as far as the slots allow, by 
sliding outwards the screws from which they hang, and which 
project above the cover of the jar with their nuts resting upon flat 
oblong washers ; a better view will thus be obtained of the needle. 
The surfaces of the latter ought to be parallel to the upper and 
under surfaces of the quadrants, and midway between them. 
This will be best observed by looking through the glass of the 
jar just below the rim. If the needle requires to be raised or 
lowered, it is done by winding up or letting down the suspending 

♦ From instruotions drawn up by tTieAsA.ft'iilLt,'^ .\isssiu;2s\.. 
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fibres, that is, by turning the proper way the small pins c, d. 
The suspending wire which passes through the centre of the 
needle should also be in the centre of the quadrants. This is 
best observed when the quadrants have been moved to their 
closest position. The fourth quadrant is moved out or in by the 
micrometer screw g with the graduated disc overhanging the 
edge of the cover. A deviation of the suspending wire from its 
proper central position, as was explained at the beginning of the 
chapter, may be corrected by means of the small screws a, 6, c, 
and d. "When proper adjustment is attained the black line on 
the top of the needle should be parallel to the transvei'se slit 
made by the edges of the quadrants when these are symmetrically 
arranged. 

The sulphuric acid may now be put into the jar. For this 
purpose, the strongest sulphuric acid of commerce is to be boiled 
with 8ome crystals of sulphate of ammonia, in a florence-flask 
supported on a retort-stand over a jet of gas or other convenient 
source of heat. It is recommended to boil under a chimney, so 
that the noxious fumes rising from the acid may escape. To 
guard against the destructive effects of the acid in the event of 
the flask breaking by the heat, there should be placed beneath 
it a broad pan filled with ashes, or it should stand above a fire- 
place containing a sufficient quantity of cold ashes. A little 
sand put into the flask will lessen the risk of breaking. The 
object of boiling the acid is to expel the volatile acid impurities 
which will otherwise impregnate the air inside of the jar and 
tarnish the works. When cool, the acid may be best poured 
into the jar through a glass filler with a long stem inserted 
through the screw opening H provided for the purpose. The 
stem of the filler should reach the bottom of the jar, to avoid 
splashing upon its sides or upon the works, and in removing it 
care should be taken that it is drawn out without its end 
touching any of the brasswork. The acid may be poured in 
till the surface is about an inch below the lower end of the wide 
brass tube which hangs down the middle of the jar. It 
must at least reach the three platinum wires hanging from 
the works. 

The instrument thus adjusted and charged with acid should 
be allowed to rest for some little time so that any films of 
moisture on the insulating portions of the apparatus may become 
absorbed. 

The scale should now be placed at the proper distance so that 
the reflected image is sharply defined and stands at the middle 
of the scale, that is, at 360 ; for, unlike the galvanometer, the 
electrometer scale is graduated from to 720, 360 being the 
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middle point. Care must be taken that the two ends of the 
scale are equidistant from the centre of the mirror. 

Next connect together the two electrodes of the quadrants 
and the induction plate electrode by means of a piece of thin 
wire joined to the cover of the jar ; also turn the charging rod 
so that it touches the framework of the platinum wire of the 
needle. 

Now charge the jar positively by means of a few sparks from 
a small electrophorus, the frame of the instrument being put 
to earth for the purpose, and afterwards disconnected. When 
the proper potential is reached, it is indicated by the bars of 
the aluminium balance rising ; the charging rod should then 
be turned so as to disconnect the latter from the needle. The 
replenisher must now be used to adjust the charge exactly, so 
that the hair may stand between the black spots when observed 
through the lens. When the lever carrying the hair is at either 
extremity of its range, it is apt to adhere to the stop ; in using 
the replenisher to bring it from either limit, therefore, it is 
necessary to free it from the stop by tapping the cover of the 
jar with the fingers. 

If the charge has caused the reflected image to be deflected 
from the middle of the scale, it may be brought back to that 
position by turning the micrometer screw which moves the 
fourth quadrant, and, if necessary, sliding out or in one or more 
of the other quadrants. 

The small percentage of the charge lost from day to day may 
be recovered by using the replenisher. Under ordinary con- 
ditions this loss will not amount to more than J per cent, per day. 

The charge may suffer loss from several causes, the most 
prevalent being the presence of dust on portions of the appa- 
ratus inside the jar. Every portion should be carefully dusted 
with a camel-hair brush, and especially the round induction 
plate beneath the aluminium balance. 

Loss may occur by shreds inside of the quadrants drawing 
the charge from the needle. It should be ascertained whether 
this takes place. Insulate alternately each pair of quadrants 
by raising tlie corresponding electrode, while the other pair are 
connected through their electrode with the cover. If the re- 
flected image in either case keeps moving slowly along the 
scale, for instance over 20 scale divisions in half an hour, the 
charge in the jar being at the same time kept constant by the 
use of the replenisher if necessary, the insulated pair of quad- 
rants is receiving a charge from the needle. In that case the 
inside of the quadrants may be brushed with a light feather^ oi: 
camel-hair brush, after sliding them outwai^^ ^^ iax ^^ ^^ ^<^\is. 



222 HANDBOOK OF ELEOTBIGAL TESTINO. 

allow, and sectiring the needle in the position in which it was 
fixed during transit; care heing taken not to press upon the 
needle so as to bend it or the suspending wire. Without secu- 
ring the needle, each quadrant may be drawn outwards and 
brushed, while the needle is deflected away from it by the 
screws a, 6, or by any obvious means of keeping the needle 
deflected, care being taken not to strain the fibres. 

Another possible source of loss of charge is want of insulation 
over the portion of the glass jar above the €W5id. If the per- 
centage of the charge lost from day to day be so considerable 
as to require much use of the replenisher to recover it, the glass 
should be cleaned with a wet sponge, rubbed with soap at first, 
or with a piece of hard silk ribbon, wet and soaped at first, 
then simply wet with clean water, which may be drawn round 
the glass to clean every part of it. The ribbon being dried 
before a fire, may be used in the same manner to dry the 
glass. 

If everything fails to make the apparatus keep its charge, the 
cause is probably due to a. defective glass jar, and this can only 
be remedied by the manufacturers. 

The good insulation of the instrument being satisfactorily 
accomplished, the symmetrical suspension of the needle by the 
fibres should be tested. The conditions sought to be realised are, 
that in the level position of the instrument the needle may hang 
with equal strain on the two fibres, and in a symmetrical position 
with regard to the four quadrants. It is plain that if these con- 
ditions be fulfilled the deflection produced by the same electric 
force in the level position of the instrument, will be less than it 
will be in any position of the instrument which throws the 
greater part of the weight on one fibre, or brings the needle 
nearer to any part of the inner surface of the quadrants than it 
is in its symmetrical position, which is its position of greatest 
distance from all the quadrants. To make the test, the two 
quadrant terminals should be connected to the two poles of a 
single-cell battery, and the deflections produced upon the scale 
compared, while the instrument is set at different levels by 
screwing one or more of the three feet on which it is supported. 
At each observation the extreme range, or difference of readings 
got by reversing the battery, should be noted. If the range 
diminishes as one side of the instrument is raised, the suspending 
fibre on that side must be drawn up, by turning very slightly 
the small pin c or d, round which it is wound, and another series 
of observations taken in the same manner, beginning with the 
instrument levelled. Instead of drawing up one fibre, the other 
maj- be let down, to keep the nee^l^ tcv\&^^^ between the upper 
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and under surfaces of the quadrants, and after each alteration of 
the suspension it will be necessary to readjust the screws a, 6, 
to make the black line on the needle hang exactly midway 
between the quadrants when the needle is undisturbed by elec- 
tricity. It will be observed also that the charge of the jar 
is lost by touching these screws, unless the insulated key is 
used. They are reached without taking off the lantern by 
screwing out a vulcanite plug in the glass window in front of 
them. 

In deflecting the instrument much from its level position, the 
guard tube may be brought into contact with the wire hanging 
from the needle, and the movements of the latter thus interfered 
with by friction. When the needle vibrates freely, it will be 
observed that the image comes to rest in any position to which 
it may be deflected, after vibrating with constant period and 
gradually diminishing range on each side of this position of 
rest. The occurrence of friction is shown by the needle coming 
to rest abruptly, or vibrating more quickly than proper. The 
reading obtained in these circumstances is, of course, of no 
value. The quicker vibrations obtained in using the induction 
plate must not be mistaken for vibrations indicating friction, 
from which they may be easily distinguished by their regu- 
larity. 

If, as may possibly happen, the process of observing the 
deflections at different levels and drawing up the fibre on that 
side which is being raised while getting less sensibility, should 
only lead the operator to draw up one fibre till it bears the 
whole weight, while the other is seen to hang loosely, he should 
adjust them as nearly as he can by the eye to bear an equal 
share of the weight, and examine the position of the needle by 
looking through the glass of the jar just below the rim, the two 
quadrants in front of the mirror being drawn out, and the 
lantern taken off to let in plenty of light. He will probably 
find that the needle leans slightly downwards relatively to the 
quadrants on that side which he was drawing up while getting 
smaller deflections. To correct this is a delicate operation, 
which should only be attempted by a very careful operator. 
Though perfect symmetry of suspension is aimed at, it is not 
essential to the utility of the instrument. If it be desired 
to make the correction, first secure the needle as during transit ; 
take off the cover, and while it is held by a careful assistant, or 
properly supported in a position in which it may be levelled, 
remove the lower guard tube (the wide brass tube hanging down 
the centre) after screwing out the small pin in its \i'eiQ?K.. "V^^^^ 
be observed that the upper and narrowex ^m^\^ \^>\i^ ewt^^^Xsa* <^*v 
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two semi-cylindrical parts united. The part in front may now 
be removed by taking out the two screws which fasten it at the 
top, and the platinum wire which carries the needle may be 
examined. If it has got bent it must be straightened ; if not, it 
may be bent carefully just above the needle, so as to raise that 
end of the needle which was observed to hang lowest. If the 
cover be supported so that it may be levelled, the needle inay 
be set free, and the operator may observe whether he has suc- 
ceeded in making it hang parallel to the surfaces above and 
below it. The needle must not, however, be allowed to hang 
by the fibres, while bending the platinum wire, or while remo- 
ving or replacing the guard tubes. 

The works being replaced, the process of observing the 
deflections at different levels and adjusting the tension of the 
fibres should be repeated, with the view of getting minimum 
sensibility in the level position. 

The two unoccupied holes bored through the cover and flange 
of the jar are intended to receive the square-pointed keys, when 
not in use. 

The Use of the Electrometer. 

Grades of Sensitiveness. 

There are several ways of making the connections to the 
i;erminals of the quadrants, frame, and induction plate, so as to 
get various degrees of sensitiveness for measuring potentials of 
various strengths. 

1st Grade. 

The following is the most sensitive arrangement, such as 
would be used for taking the potential of a Daniell cell : — 

One pole of the battery would be connected, through the 
medium of a reversing key, to one quadrant terminal, and the 
other to the frame of the instrument and to the second quadrant 
terminal. This, by reversing the key, would give about 50 
divisions on either side of the 360, equal to 100 in all. 

2nd Grade, 

Leaving one pole of the battery to the frame, the next degree 
of sensitiveness is obtained by disconnecting the pair of quad- 
rants that are connected to the frame, the electrode being raised 
for the purpose ; the other connections must be the same as in 
the last case. By this arrangement the needle is acted upon by 
one pair of quadrants only. 
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By using the induction plate we may still further diminish 
the sensitiveness of the instrument. For instance, when we 
connect the pole of the battery to a pair of quadrants, those 
quadrants take the potential that it has ; but if we connect it 
to the induction plate, then the charge in the quadrant below 
is only an induced one, and, since there is an interval between 
the plate and the quadrant, this induced charge will be small, 
and the effect on the needle proportionally little. Again, if 
we disconnect one pair of quadrants, and connect the wire from 
the battery to the induction plate and to the corresponding 
quadrants, then the charge will be partially bound. The effect 
on the needle will therefore be less still. The actual number 
of grades of sensitiveness with the induction plate are as 
follows : — 

Srd Grade, 

One pair of quadrants connected to one pole of battery. 
Induction plate and second pole of battery connected to frame. 
Second pair of quadrants disconnected by raising electrode. 

4:th Grade. 

One pair of quadrants connected to one pole of battery, and 
also to induction plate. Second pole of battery connected to 
frame. Second pair of quadrants disconnected by raising elec- 
trode. 

6th Grade. 

Induction plate connected to pole of battery. One pair of 
quadrants and second pole of battery connected to frame. 
Second pair of quadrants disconnected by raising electrode. 

6^^ Grade, 

Induction plate connected to pole of battery. Second pole of 
battery connected to frame. Both pairs of quadrants discon- 
nected by raising the electrodes. 

We can in each of these cases interchange the tenpinals 
of the quadrants, that is to say, we can use the left terminal 
where we used the right, and vice versd. 

There is one more point to mention in connection with the 
instrument, and that is, that it may be found, on raising one of 
the electrodes to disconnect it from tlaa c\]gl^^^tl\><&^ ^^\. "^JciSk ^'^iv. 
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of doing 80 causes the image on the scale to deviate a few degrees 
from zero in consequence of a current being induced thereby. 

In the most recent form of instrument there is a small milled 
vulcanite head provided, by turning which the quadrants are 
connected to the frame, and the charge being thereby dissipated, 
the image returns to zero. When this is done the milled head 
must be turned back before commencing to test again. 

The electrometer can be used in every test where a condenser 
is usually employed. 

In using the condenser we have to charge it, and then note 
its discharge on the galvanometer, which gives the potential. 
With the electrometer we have simply to connect to its termi- 
nals, the wires which would be connected to the condenser, and 
the permanent deflection on the scale gives us the potential, 
which can be observed at leisure. 

Thus, in taking the resistance of a battery by the method 
given on page 193, we should first connect the battery wires to 
the electrometer (through the medium of a reversing key is 
best), note the deflection, then insert the shunt, again note the 
deflection, and calculate from the formula. 

The great value of the electrometer, however, lies in the fact 
of its enabling us to notice the continuous fall of charge in a 
cable, and not, like the condenser method, merely determine 
what the potential has fallen to after a certain time. We can 
see with unfailing accuracy when the charge has fallen to one- 
half or any other proportion we please. 

We see, in fact, exactly what is going on in the cable at any 
moment. 

The connections for such a test could not well be simpler. 
We charge the cable, connect it to the electrometer, the frame 
being to earth, and then notice the deflection as it gradually 
falls down the scale. We do not even require a battery, as we 
can charge the cable with a few sparks from an electrophorus. 

The degree of sensitiveness necessary for any particular cable, 
of course we can only tell by experience. 



Meamrements from an Inferred Zero. 

When very high resistances, such, for instance, as short 
lengths of highly insulated cable, are measured by the ordinary 
fall of charge method, the fall, even in a considerable time, 
would be so small that the test would be an unsatisfactory one, 
for the difference between the deflection at the beginning of the 
test, and that after the interval oi t\m^, Ga>old QTily be a small 
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fraction of the whole length of the scale ; and if the deflections 
are not accurately noted, still less can we be satisfied of the 
correctness of our result when worked out from our formula. 

By means of a plan suggested by Professor. Fleeming Jenkin, 
however, such high resistances can be measured by the fall of 
charge method with considerable precision. 

Professor Jenkin's improvement consists in virtually pro- 
longing the scale and counting the divisions from an inferred 
zero. 

An explanation of the method of making the test will best 
show what an inferred zero is. 

One pole of the battery being to earth, the other pole is 
connected to one pair of quadrants and to the framework of the 
instrument. 

The second pair of quadrants is connected to the cable. 

By joining for an instant the two pairs of quadrants together, 
the cable and quadrants take the same potential ; therefore, at 
the moment of disconnecting them, the needle will be at zero. 

The potential, however, of the cable, and the quadrants 
connected to it, will fall, and the needle be deflected. 

Suppose, now, one cell connected to the electrometer gave 
100 divisions deflection, and suppose the battery which charged 
the cable was 100 cells, then if the cable lost 1 per cent, of its 
charge, the charge remaining would be 99, and as the other 
quadrant, being permanently connected to the 100 cells, has the 
potential of 100, the difference between the two is 100 — 99 = 1 
cell, which, as we have said, gives 100 divisions. The 2 per 
cent, loss would give 200 divisions, and so on, whereas by the 
method mentioned on the last page, if we get 300 say, at first, 

1 per cent, loss would only move the image down to 297, and 

2 per cent, down to 294. 

When all the charge is lost the deflection would evidently 
be 100 X 100 = 10,000, which is the inferred zero. To obtain 
this zero for any particular battery, we should have to get the 
deflection from 1 cell and then determine by the method given 
on pages 187 and 196 what the electromotive force of the testing 
battery is in terms of the 1 cell. Then by multiplying the 
1 cell deflection by this we get what we require. 

The numbers rej^resenting the potentials we must evidently 
get by subtracting the deflections on the scale from the inferred 
zero. 

To obtain the full range of the scale we should, at starting, 
get the image on the actual marked zero, which is, as we have 
before said, at the end, and not at the middle oi l\ife ^^"?i\fe. 
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CHAPTER XIV, 

MEASUREMENT OF mGH BESISTANCES. 

The HigHest resistance it is possible to measure by means of 
the Wheatstone bridge described at the commencement of 
Chapter VIII., is 1,000,000 ohms. It is true that some bridges 
have another set of resistances in the top row, which will 
enable the ratio 10 to 10,000 to be used, and consequently a 
resistance of 

10,000 X 10,000 ^^ ^^^ ^^^ , 
— ^ jg — = 10,000,000 ohms 

to be measured ; but this is not often the case, and the values of 
resistances much greater than this frequently require to be 
determined. 

For this purpose a modification of the deflection method we 
gave in Chapter I. must be adopted. 

Provide a single, and also about 100 constant cells. Find 
their respective electromotive forces by the discharge method 
given on pages 187 and 196. Thus, suppose the discharge taken 
from the one cell, which, as we have explained, should be taken 
first, gave a discharge deflection of 300, the galvanometer shunt 
(Sj) being adjusted for this purpose to 560 ohms. Suppose also 
that the discharge from the 100 cells in the place of the one cell, 
gave a deflection of 302, with a shunt (S^) of 6 ohms ; then by 
multiplying the 302 by 

q + s, 

we get the deflection we should have had, if no shunt had been 
used ; this will represent the electromotive force of the battery. 
In like manner, by multiplying the 300 by 

we get a number representing the electromotive force of the one 
cell. Taking the resistaace oi t\Le> ^^\N^.\ioisifitoc ((i^j to b6 
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5000 olima, and ^ving the other nnmerical values to the 
quantities, the ratio of the eleotromotiTo force of the 1 cell to 
tiie eleotromotive foroe of the 100 cell* would be 



660 

or as 2980 : 262,000. 

If now we divide the greater number l^ the less, we get the 
value of the 100 cells in terms of the 1 cell. This value ia 
84 '6, that ie to say, the 100 cells are 84-6 times stronger than 
the 1 cell, and not 100 times. This might arise from some of 
the cells being defective, or imperfectly insolated. This does 
not matter, however, so long as we determine, as we have 
done, how muoh more powerful the 100 cells are than the one 
celL 

Having fonnd the valne of the 100 oells in terms of the single 
cell, we next proceed to join np the ^vanometer, with a shtmt, 
&o., between its terminals, in circuit with a resistance coil and 
the single cell, as shown by Fig. 62. 




Fnt a resistance of 10,000 ohms in A B (a resistance of 10,000 
ohms in a separate box is often used for this measurement) and 
having first inserted all the pings in S, press down the short- 
oircuit key, and proceed to remove some of the pln^, until a. 
defection o^ say, 300 is obtained, then ibibb \!n»"te^ «^w»->&.KSi» 
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spot of light comes back to zero properly ; if it does not, then by 
disconnecting one of the wires, see that the cause is not from 
the short-circuit key not making proper contact. If this has not 
the required effect, the adjusting magnet of the galvanometer 
must be slightly shifted, and, if necessary, put a little lower 
down, so as to make the needle a little less sensitive. After a 
few trials this will be satisfactorily done, and the spot of light 
will always come back to the zero point when no current is 
passing through the galvanometer. 
Let the deflection be 301^, the shunt being 7 ohms. 

Multiply 301 • 5 by ^^^^ + '^ ^ ^hich gives 215,700. 



This is the deflection we should get through 10,000 ohms, 
with no shunt to the galvanometer. There is realty in the 
circuit, besides the 10,000 ohms, the resistance of the one cell, 
and also the resistance of the ga;lvanometer and shunt combined 
(which will be practically 7 ohms), but this will be so small as 
to be of no consequence ; it may, however, be added on to the 
10,000 when working out the results, if preferred. 

Now, if we had used the 100 cells instead of the one cell, our 
deflection would have been 84*6 times as great as with the one 
cell. If, then, we multiply 216,700 by 84*6 we shall get the 
deflection obtainable by the 100 cells through a resistance of 
10,000. This value will be found to be 18,248,000. Multi- 
plying this number by 10,000, we get the constant. 

The process is simplified by using a resistance of 1,000,000, 
in the place of the 10,000. The constant can then be found with 
the 100 cells at once. 

The object of using the one cell is to enable a readable 
deflection to be obtained, as 100 cells through 10,000 ohms 
would throw the spot of light off the scale with the lowest 
shunt we could use. 

Having measured and worked out the constant, which is best 
done by the help of logarithmic tables, we insert the resistance 
which is to be measured, in the place of A B, using the 100 cells 
in the place of the one cell. Having adjusted S till a deflection 
of 300, or near to 300, is obtained, note S and the deflection. 
Let S be 2500, and deflection 298. Then the deflection without 
the shunt would be 
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Dividing the oonBtant by tbis number, we g&t 
182,480,000,000 



= 204,100,000 ohms. 



'which is the value of the reBietanoe. 

Practically, we may say the value of the resistanoe k 
204,000,000 ohme, or 204 megohms, for inasmuch as we can only 
be certain of the values of the obseirved deflections to 3 placea of 
figures, so we can only be certain of the worked out valuea to 3 
pkces of figures. A great deal of time is often wasted in 
woriing out results to 5 or 6 places of figures when, in the 
observations necessaiy to obtain these results, it is impossible to 
be certain of their value beyond 3 places of figures. 

Insulatioh Eesistahce. 

In measuring the insulation resistance of a cable, the constant 
having been taken in the foregoing manner, we should join np 
the galvanomeier, shunt, short-circnit key, reversing key, 
battery ewitch, battery, and cable, as shown by Fig. 63. 




By having both a galvanometer reversing key and a battery 
switch the trouble of reversing the wires on the galvanometer, 
when the battery current is reversed, is avoided, as it can be 
done more readily by means of the key. The object of reversing 
the galvanometer conneotions when the battery is reversed is 
to obtain the deflection always on the eAiofi k\&» i^i 'Ou'i «ri«^. 
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The ends of the cable must be trimmed by means of a sharp 
and clean knife, care being taken that the outer surface of the 
gutta-percha, which has been exposed and oxidised by the air, 
is completely cut away ; the clean surface thus exposed should 
not be touched with the fingers. It is a good plan to paint the 
trimmed ends with hot paraffin wax (not oil). 

The ends being thus carefully insulated, and the further end 
left hanging free, so as not to touch anything, the nearer end 
of the cable must be connected, through the medium of the lead 
wire, to the terminal screw of the discharge key, care being 
taken not to touch the trimmed end in doing so. The switch 
plugs being inserted, the reversing key, which puts the zinc 
pole to the cable, must be clamped down, and (the short-circuit 
key being depressed) sufficient resistance inserted in the shunt 
to obtain a deflection of about 300. 

At the end of a minute from the time the key was clamped 
down, the exact deflection should be noted. 

The deflection obtained, it will be found, is not a permanent 
one, but will gradually decrease as the current is kept on, 
falling rapidly at first, and then more slowly, until at length it 
becomes practically stationary; the continued action of the 
current, in fact, increases the resistance of the dielectric. This 
phenomenon is known as electrification^ and its cause is not well 
understood ; it seems to be due to some kind of polarisation. 

The following shows the decrease in the deflection observed 
with a piece of cable core. 
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Increase of resistance by electrification is much more marked 
at a low than at a high temperature ; thus in an actual experi- 
ment it was found that with a piece of core at a temperature of 
0°C. the deflection fell from 240 to T 5 in 90 minutes ; whereas 
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with the same piece of core at a temperature of 24° 0. the 
deflection fell from 240 to 173 only, in 90 minutes. 

The rate at which the resistance increases also depends upon 
the nature of the insulating material ; it is quicker in some kiiids 
of gutta-percha than in others. In indiarubber the increase is 
very rapid. 

It is found with a sound cable, that if the battery be taken 
off after electrification has proceeded for some time, and the 
cable be put to earth through a galvanometer, a continually 
decreasing current will flow through the latter from the cable ; 
and if the deflections be noted after intervals of time equal to 
those during which deflections were noted whilst the battery 
was kept on the cable, it will be found that the relative values 
of the two sets of deflections will correspond. This will only 
be the case, however, if the cable be sound, and therefore the 
correspondence of the two sets of deflections may be taken as a 
guarantee of the good condition of the cable. 

Although the deflection after one minute's electrification with 
a zinc current is usually all that is required, it is very often 
the case that the deflections for seveml successive minutes 
with both currents are observed and noted. In this case the 
deflections having been observed with the cable connected to 
one pole of the battery, the latter should be taken off, and the 
cable put to earth to discharge it by shifting the plugs in the 
battery switch, the one reversing key of the galvanometer being 
still left clamped down. The cable does not get rid of its 
absorbed charge immediately; hence it is necessary to keep it 
connected to earth for some time. If the length of the cable 
does not exceed 10 or 15 miles, a quarter of an hour will usually 
be sufficient to render it neutral, but greater lengths require a 
proportionately longer time. It can easily be seen when the 
absorbed charge is got rid of, for if the cable is neutral no 
deflection will be observed on depressing the short-circuit key, 
but if a charge is still retained a slight permanent deflection 
will be produced. 

As soon as the cable is found to be neutral, the second rever- 
sing key of the galvanometer should be clamped down, and the 
first one released, so as to reverse the galvanometer ; the plugs 
of the battery switch should then be inserted so that the batteiy 
sends its current to the cable in the reverse direction to that it 
did at first ; this being done, the deflections on the galvanometer 
should be noted at intervals of a minute, as before, until the 
same number of readings are obtained. 

It is usual to take readings with the zinc of the battery to 
the cable first, and afterwards with the coy^^x« 
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If the cable is in good condition the readings with the zinc 
and copper currents will be the same. 

If there is not time to take readings both wifch the zinc and 
copper currents the zinc should be the one employed, as in 
case of a fault it renders the latter very apparent ; the copper 
current has the effect, to a certain extent, of sealing up a 
defect. 

The fall of the deflection in both cases will be quick at first, 
and will afterwards slowly decrease. 

The measurements being made, the resistance at the end of 
each minute may be worked out from the different deflections 
obtained. 

When the cable is connected to the testing instruments by a 
long leading wire, at the commencement of the test the end of 
the lead should be disconnected from the cable, and insulated. 
If any deflection ia observable on the galvanometer when the 
battery current is put on, this deflection must be subtracted 
from the deflection obtained when the cable is attached to it. 
In making this correction care must be taken that the same 
shunt (if any) is connected to the galvanometer as will be 
employed when the cable is connected to the lead, or if no shunt 
is used the necessary reduction must not be forgotten to be 
made. 

The ends of the lead must be trimmed in the same manner as 
the ends of the cable. 

The practical way of noting down and working out these 
tests will be found in Chapter XXV. 

When a large number of cables have to be tested daily at a 
factory any contrivances or methods for shortening calculations 
are of great value. Now the use of shunts of different values 
for obtaining readable deflections on the galvanometer scale 
with different cables is continual, and the working out of the 
multiplying power of these shunts is a somewhat tedious opera- 
tion when a large number have to be calculated. If the resistance 
of the galvanometer used for making the tests were constant, 
a small table could easily be calculated which would show the 
multiplying power of any particular shunt at a glance ; but the 
resistance of a galvanometer varies considerably with change of 
temperature, and therefore under ordinary conditions a table of 
the kind cannot be employed. 

A very simple method of getting over this diflBculty, due, it 

is believed, to Mr. Herbert Taylor, has been adopted in the 

testing rooms of the Telegraph Construction and Maintenance 

Company. The method is to have a small set of resistance 

coils directly in circuit with. t\i^ ^^V^^.iio\xieter^ so that the 
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resistance of the latter can practically be always preserved the 
same. 

The resistance of the ordinary reflecting galvanometer usually 
averages between 5000 and 6000 ohms ; by having the galvano- 
meter wound, therefore, so that in the hottest weather the latter 
value is never exceeded, and by having a set of resistance coils 
adjustable from 1 up to about 1000 ohms, the resistance in the 
circuit can always be kept up to 6000 under all conditions, and 
therefore a table giving the multiplying power of shunts for a 
galvanometer of 6000 ohms resistance can always be made use 
of. Tables of this description will be found at the end of the 
book. The tables also give the combined resistance of the 
galvanometer and shunt, which is sometimes required to be 
taken into account. 
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OHAPTEE XV. 

MEASUREMENT OP . RESISTANCES BY POTENTIALS. 

There are two distinct ways of measuring resistances by 
potentials : — 

1st. By noting the fall of potential along a known resistance 
with which the unknown resistance is in connection. 

2nd. By noting the rate at which a condenser, of a known 
capacity, loses its potential when it discharges itself through 
the unknown resistance. 



Fall of Potential Method. 

If we connect a battery to a resistance R + «, as shown by 
Fig. 64, the potential of the battery may be regarded as* falling 



Fig. 64. 




regularly along the resistance, being full at a and zero at c. 
The same would be the case if c and d were connected together 
instead of being put to earth. By similar triangles we have 



or 



Y :v iiB, + X : X, 



a; = R 



Y -v 



Y being the potential at a, and v the potential at h. So that, if 
E is a known resistance, we can — by noting the values of V 
and V — determine the value of x. 

• See Chaptei XI., ^. 184. 
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For example. 

If R = 1000 ohms, V = 300, and t? = 200, then 

The relative values of the potentials can be measured by 
means of a condenser. To do this we should join up our con- 
denser and galvanometer, as shown by Fig. 66, page 192, the 
only difference being that the terminals which are there repre- 
sented as being in connection with a battery woiQd, in the 
present case, be connected to the points a, and d or c, for 
determining V, and to &, and d or c, for determining ». The 
condenser discharges in the two cases give V and v. 

Another, and for most cases a preferable, method for measuring 
the potentials, is to insert a galvanometer between the point at 
which the potential is to be measured and the earth, there being 
in the circuit a resistance several thousand times greater than 
the resistance of the conductor of the cable. The permanent 
deflections in this case indicate the potentials. 

In making this test it is not an unimportant question what 
proportion v should bear to V. If we make it either nearly 
equal to V, or, on the other hand, very much smaller, we shall find 
that a slight error (a division more or less) in reading its value 
oflF the scale will make the corresponding error in the value of x 
to be very large, when we calculate the latter from the formula. 

It is evident then that there must be some intermediate value 
of «, such that, if we make any slight error, either of excess or 
defect in observing its value, the corresponding error in x will 
be as small as possible. 

Let A. be the error in x caused by an error 8 in v, then 



but since 



a; = E == , or, E = as 



i; ' 



therefore 



X 






V-(t; + S) I t,(V-(f; + S)}' 

or, since 8 is a very small quantity, we may say 

A = a— 7x7 ^* 
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Now we have to make X as small as possible ; this we shall do, 
since x, V, and 8 are constant quantities, by making t? (V — «) 
as large as possible. 

But 

and to make this expression as large as possible we must make 

V 

__ _ t; as small as possible, that is, since v must be positive, we 

must make it equal to 0, or 

V V 

— — » = 0, that is, » = — . 

So that if we wish for accuracy, theoretically, the best plan to 

V 

adopt would be to go on adjusting R until t? = -^ ; in which case 

There is, however, a practical difficulty in doing this, for 

V 

we cannot first note V and then adjust R until t? = — , for 

the alteration in R will have changed V also. 

Thus, if, when we commenced, we found V = 300, and we 
then adjusted R until t? = 150, or half 300, we should probably 
find that on remeasuring V it would no longer be 300, but some 
deflection greater or less than 300, according as R was increased 
or diminished. 

We could, of course, by continual readjustment, at last arrive 

V 

at a value of R which makes t? = — , but this might involve a 

considerable expenditure of time ; so the best proceeding would 
be to adjust R by large variations until we get V within, say, 

10 of the value of -^ , and having noted carefully what the exact 

values are, to calculate x from the formula. 

If, instead of introducing the unknown resistance a;, and the 
known resistance R, between the points a and c, we join the 
pole a of the battery direct on to 6, we can determine the value 
of X by simply noting V, and then inserting an adjustable 
resistance in the place of a;, and altering it until we make the 
potential at h to be V, as at first, when of course a; = R. 
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Loss OF Potential Method. 



In Chapter XII., page 201, an equation 

T 



r = 



2-303 K log. I 



was obtained, where F was the electrostatic capacity in micro- 
farads of a condenser, or cable, the potential of whose charge 
fell from V to i; when it was discharged during T seconds 
through a resistance of K megohms. 

Now if F is the known and E the unknown quantity, then 

B ^ 



2-303 F log. 1 

V 

so that we can determine the value of a resistance by a capacity 
and loss of charge measurement. 

The connections for making such a test would be precisely 
similar to those given for determining electrostatic capacities by 
loss of potential. 

If we were determining the resistance of a short cable by 
this method, the discharge deflection V, compared with the 
discharge deflection obtained with the same battery from a 
standard condenser, would give us the value of F. For long 
cables, however, as we have before explained, this does not give 
correct results, so the capacity must be determined by. other 
methods, Thomson's for example (page 206). 

When the insulation resistance of a cable is measured by the 
foregoing method, the result obtained is a mean of the resistances 
which the cable has at the commencement and at the end of the 
test, as electrification goes on the whole time the charge is falling. 

Experimental results show that if the cable be charged ten 
seconds before taking the discharge V, and again ten seconds 
before insulating it preparatory to observing the discharge v, 
then the value of K after one minute, obtained from the formula, 
agrees with that obtained by the constant deflection method 
given in the last chapter. 

If we know the potential which the cable has when fully 
charged, and also its potential after a certain time, we can 
determine the potential it will have after any other tiiaft va.-'Ookfe ' 
following manner : — 
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A charged cable loses equal percentages of its charge in 
equal times, that is to say — if, for example, 5 per cent, of its 
charge were lost during the first second, then 5 per cent, of 
what remained would be lost in the second second. 

Let V be the potential at first ; 
V „ „ after 1 sec. 

^1 >» » » *i »> 

^2 >» » » *2 »> 

and let us suppose the charge lost -th of its potential during 

the first second ; then potential left at the end of first second 
will be 

n V 

Potential left at end of second second will be 

n 

but from last equation 

V 
n = 



therefore, substituting this value in [A], the latter becomes 

= , which equals ^ ( t? j ' 
and consequently potential left at the end of t^ seconds will be 



and also we 
therefore 


must have 


V (f )■■ . 
v(v-)-- 


= «1, 
«2; 






log 
log 


V 

V 

V 
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and 



/« = 






^2 V 



that is, 



logv 



t^a , V 



log 4 log - 
t L t - ^ « 

log^ log^-j 

Tlie logaritlmis may be either natural or common. 

For example. 

The potential at first was 300 (V), and after 20 seconds (tA it 
fell to 200 (t?i). After what time (t^) would it fall to 100 (v^)? 

log ?2? 
*i = OAA X 20 = 54 sees. 

^^200 

It being usually required to know the time the charge in a 
cable will take to fall to half charge, the formula becomes 

•30103 , 

logl 

The formulae we have given are capable of various modifica- 
tions, which, however, are more of a fanciful than of an actual 
and practical value. 

Thus the formulsd 

T T 

E = — =—7-, and F = 



y ' * Y 

Flog.- Elog.- 

V 

may be simplified if we make t; = ---, in which case 

V 

log.- =log.2= -693; 

V 
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therefore 

T T 

E = — -1-- = 1-433:^. 
•693 F F 

To obtain experimentally the time occupied in falling to half 
charge, repeated trials would be necessary, and the time taken 
in doing this would hardly compensate for the advantage of 
using a simpler formula. 

The object of obtaining the time of fall to half charge is to 
get a convenient unit for comparison with other cables, and this 
time of fall is easily calculated from the formula before given, 
in which the potential after any time may be used, and this is 
obtained by one observation only. 

A useful formula is that of Mr. W. H. Preece, which is ob- 
tained in the following manner : — 

In the equation 

•30103 , 
<2 = y • ^ 

log — 

let n = percentage of loss in time t^, then 

(V - rO 100 
n = ^ y ; 

therefore 

100 -n 



»! = V 



100 



Substituting this value of v^ in the above equation, we get 

•30103 • 30103 ^ 

^2 = ^^ iOO~ ' ^^ " 2^000 - log(100 - «) * ^ ' 



100 -» 



For examj)le. 



If a cable lost 20 per cent, of its charge in 5 minutes ; in how 
many minutes would it fall to half charge ? 

' 3010 3 ^K^^r,lo<.n 

^' = 2-000 -log (100-^0) X 5 - 15 d2 . 
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From tlie equations 






«2 



we can find what wonld be the potential, Vj, after a certain 
interval of time, ^2 havidg given the potential at first, and the 
potential v^, after a time, ti. 
We have from these two equations 

therefore 



v^ 



-^Cv) 



h 



This formula we should have to work out by the aid of 
logarithmic tables. 

For eoDamjple. 

The potential of the charge in a cable when fall was 300 (V). 
After 20 minutes {tj) the potential fell to 200 (v). What would 
be the potential V2 at the end of 30 minutes (^2) ? 

'. - »» ©" = »« ©' 

log 2= -3010300 
log 3 = -4771213 

1-8239087 
3 

2) 1-4717261 

1-7358631 
log 300 = 2-4771213 

2-2129844 = log of 163-3 
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CHAPTER XVI. 

TESTING FOR FAULTS BY FALL. OF POTENTIALS. 

Clark's Method. 

In Fig. 64, in the last chapter, if 6 c were a portion of a cable 
making full earth at c, then by the method described for deter- 
mining 6 c we should find the position of the break. 

Supposing, however, a cable had a fault which did not make 
full earth, then the potential would not fall to zero at that 
point, but would have a value depending upon the resistance of 
the fault. The potential, however, would be the same as the 
potential at the further end of the cable, provided that end 
were insulated. 

If we can determine the value of this potential we can readily 
detect the position of the fault. 

Fig. 65. 




In Fig. 65 let 5 e be the cable which has a fault at c, the end 
of the cable at e being insulated, and let E be a resistance 
between the battery and the end of the cable 5, then 



therefore 
therefore 



V — »! : » — i;i :: R + a? : a? ; 
0? V — « 1?! = B (t) — «^ -V « « — tt ti^\ 
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therefore 

05 V — 05 » = B (» — »i) ; 
that is, 

* = "K— • 

V — i; 

In order to determine the relative yalnes of the potentials at 
the two ends of the cable, their values with reference to some 
standard of potential or electromotive force must be obtained. 
For this purpose the standard cells mentioned in Chapter IX. 
page 163, may be used with advantage. A still better cell for 
the purpose is that devised by Mr. Latimer Clark.* 

Clark's Standard Battery. 

A cell is formed by employing pure mercury as the negative 
element, the mercury being covered with a paste made by 
boiling mercurous sulphate in a thoroughly saturated solution 
of zinc sulphate ; the positive element consists of pure distilled 
zinc resting on the paste. 

The best method of forming this battery is to dissolve pure 
zinc sulphate to saturation in boiling distilled water. When 
cool, the solution is poured off from the crystals and mixed to a 
thick paste with mercurous sulphate, which is again boiled to 
drive off any air ; this paste is then poured on to the surface of 
the mercury, previously heated in a suitable glass cell ; a piece 
of pure zinc is then suspended in the paste, and the vessel may 
be advantageously sealed up with melted paraffin wax. Contact 
with the mercury may be made by means of a platinum wire 
passing down a glass tube, cemented to the inside of the cell, 
and dipping below the surface of the mercury, or more conve- 
niently by a small external glass tube blown on to the cell, and 
opening into it close to the bottom. The mercurous sulphate 
can be obtained commercially ; but it may be prepared by dis- 
solving pure mercury in excess in hot sulphuric acid at a 
temperature below boiling point. The salt, which is a nearly 
insoluble white powder, should be well washed in distilled water, 
and care should be taken to obtain it free from the mercuric 
sulphate (persulphate), the presence of which may be known 
by the mixture turning yellowish on the addition of water. 
The careful washing of tiie salt is a matter of essential im- 
portance, as the presence of any free acid, or of persulphate, 

♦ Phil. Trans. Royal Society, J\mft\^^\i.A^'V^- 
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I the electromotive force of 



Fis. 66. 



prodooea ft considerable change i 
the celL 

These standard celU are known to give a perfectly tmifonn 
eleotromotive force of 1 "457 volts for over a year, provided they 
are not worked through a low resistance. It is necessary there- 
fore in employing them to take care that they are only used in 
oircnits of very high resistance, or for charging a condenser, or 
are balanced by a second battery, as in CXark's electromotive 
force test (page 108). 

Db La Boe's Chloride of Silvbr Battery. 

The chloride of silver ceUs of Mr. Warren De La Eue are said 

to be remaxkably well adapted for standard elements. They 

will bear a considerable amount of agitation 

witiout their electromotive force being varied. 

Fig. 66 shows one of these cells. A is a glass 
vessel closed by a stopper of paraffin wax. The 
positive element consists of a cylindrical rod e of 
chemically pnre zinc The negative element is 
a cylinder B of chloride of silver, having a 
silver electrode b caat into it. This cylinder 
is usually enclosed in a bag of fine parchment 
paper. The solution for charging the cell is 
made by dissolving 23 grammes of pure sal- 
.ammoniao in one litre of wator. 

The electromotive force of the chloride of 
silver cells is 1 • 068 volts. 
__.„„_, The way in which soch standard cells would 
ft HiB'iuet be employed for making the test we have been 
considering would bo as follows ; — 
The electrician at a charges a condenser from one of the 
standard cells, and not^ the discharge deflection on his gal- 
vanometer. This deflection then represents the potential of 
thecelL 

He now disconnects the wires from the standard oell, and 
connects one to earth, and the other to a, and again t&kes & 
discharge reading; then this reading divided by the reading 
obtained with the standard cell, gives the value of Y in torms 
of the standard cell. The wire is then disconnected from a and 
joined to 6, and another discharge measured, which result 
divided by the standard discharge gives the value of o in terms 
of the standard cell. 

The electrician at the other end e of the cable makes a similar 
t^t, aud thua determines l^e value of v^. 
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Since the standard cells at the two stations are exactly equal 
in electromotive force, the relative values of V, v, and Vi will 
be obtained exactly. The capacities of the condensers at the 
two stations, it may be observed, need not be alike. 

For examjple. 

The discharge deflection from a condenser obtained at station 
e with a standard cell, was 180 divisions; and the potential v^ 
measured from the same condenser, gave a discharge deflection 
of 360 divisions ; therefore 

^'=180 = 2-^- 

At the other end of the cable, from a standard cell of the 
same electromotive force as the one employed at station e, a 
discharge deflection of 150 divisions waa obtained from a 
condenser. The potentials Y and v measured with the same 
condenser, gave deflections equivalent to 2550 and 1050 divi- 
sions respectively ; therefore 

TT 2550 ,„ ^ 
^ = 150- = ^^'^• 

^ = l50- = ^-^- 

B was equal to 1000 ohms. What was the value of a; ? 

7-2 
X = 1000 = 600 ohms, 

showing that the fault is 500 ohms distant from the end h of 
the cable. If the length of the cable were, say, 80 knots, and 
its total conductivity resistance 800 ohms, or 10 ohms per knot, 

then the distance of the fault from h would be -r^ or 50 knots. 

The value of Vi when obtained at e would be telegraphed to 
h; this could be done since the cable is not entirely broken 
down. 

If the potentials are measured by noting the permanent 
deflections obtained through a high resistance (page 237), the 
observations with the standard cells must be made in the same 
manner. 
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Siemens' Equal Potential Method. 

In Fig. 67 let B E be the cable wbicli has a fault at c, x and 
y being the distances on either side of the fault, and z the 
resistance of the latter. Suppose that one pole of a battery is 
connected at B, the other pole being to earth, then if the end of 

Fig. 67. 




the cable at E is insulated we shall have, as in the last test, 
the potential at E the same as the potential at the fault. Next 
suppose that the battery be removed at B, and that end of the 
cable be insulated ; then, if a battery be connected to E, of such 
a strength that the potential at the fault, and therefore at B, 
be the same as it was in the £rst case, then Yj will be the 
potential at E. 
Now, 



therefore 






If I be the length of the cable, then 

I = X + y, or y = I ^ x; 

I — » 
that is. 



therefore 






-^^i). 
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or 



For example. 

In a faulty cable 500 knots (Z) long, after adjusting the 
potentials according to the foregoing method, the values of the 
same were found to be 

Vi = 200, 

Va = 300, 

v^ = 40, 

What was the distance of the fault from h ? 

.r^r.^ 200-40 .^^ ,.T_ X 

'^ = ^" SOO + 300 - 2 X 40 = ^^^-^ '-«*«• 

In making the test practically, the following course would 
be pursued : — 

Station B first connects one pole of a battery direct on to the 
cable, the other pole being to earth, whilst E insulates his end 
of the cable. This being done, B notes the potential V^, and 
E the potential v^. When B thinks that suf&cient time has 
elapsed for E to have taken his observation, he removes the 
battery and insulates his end of the cable. E noting that his 
potential has fallen to zero, connects up his speaking apparatus, 
and B having done the same, E communicates to B l^e result 
he has obtained. 

Station E now connects up his battery to the cable, taking 
care that the pole connected to the latter is similar to that 
employed by B in the first instance. The latter observes the 
potential at his end of the cable, and if it is not the same as 
that previously obtained at E, he informs the latter, by means 
of signals agreed upon, that such is the case, whereupon E 
increases or decreases his battery power, and regulates it b^ 
varying a resistance in its circuit until the potential at B is 
made the same as it was at E on the first occasion. The 
potential Va is then noted by E, and the result being reduced 
to terms of a standard cell,* is communicated to B. The latter 
station, having also reduced his results to terms of a standard 
cell, then works out the formula, and thus determines the 
position of the fault. 

For localising faults in long cables this method is more 

* See page 2A&. 
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accurate than the previous one, as it is not so much influenced 
by the resultant fault* produced by conductive power of the 
insulating sheathing, more especially if the fault is near the 
middle of the cable. 

It must be understood that both tests are only accurate in 
cases where the total insulation resistance of the cable is 'very 
high compared with the resistance of the fault, for in sucn 
cases the fall of potential is practically represented by a straight 
line, and the formulas are constructed on this assumption. 

When, however, the cable is very long and the total in- 
sulation resistance consequently comparatively low, then the 
potential cannot be regarded as falling regularly from end to 
end, but must be graphically represented by a curve, and the 
potential at the fault is less than that indicated in the straight 
line diagram, and the potential at the extreme end is lower 
than this still. 

The exact formulsd for these tests are considered in 
Chapter XXI. 

Siemens' Equilibrium Method. 

If two batteries have their opposite poles connected to the 
ends of a perfect cable, their other poles being to earth, then 
the fall of potential along the cable is continuous and cuts the 
latter at a certain point. The position of this point can be 
varied by altering the relative electromotive forces of the 
batteries, or by adding in resistances between the batteries and 
the ends of the cable. In the case of a faulty cable, if the fault 
be at this point, then no current passes from the batteries to 
earth, consequently any alteration in the resistance of the fault 
does not affect the values of the potentials at the different 
points along the line of fall. 

By noting what arrangement of resistances and electromotive 
forces is necessary to bring the zero point to the fault, the 
position of the latter can be accurately determined. 

In Fig. 68 let x and y be the portions of the cable on either 
side of the fault, and let r, r be equal resistances connected to 
either end of the cable, also let K^ and K2 be resistances whose 
values can be varied at pleasure. 

Now, in making the test we have to adjust E^ and Eg so that 
the potential at the fault shall be zero and consequently that 
A£ shall be a straight line. To obtain this result we must have 

Vi : V2 :: X : y^ 

♦ See page 171. 
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or 



and also 



or 



X y 



Vi : »! : : r + a? : a?, 



V 1 - »! = -^ ; 

X 



Fio. 68. 




and 



or 



Va : t^a : : r + y : y, 



V, - t;. = 



v^r v-i^r 



y 



X 



that is, 



Vi - »! = Va -v^; 



showing that the differences of the potentials on either side of 
r at both ends of the cable must be the same. 

To obtain this result in practice only one of the resistances 
B^ and Ba need be adjusted. The best way of making the test 
would then be as follows : — 

The two stations should first adjust their galvanometers by 
means of the movable magnets so that they both give precisely 
the same deflections when a current from a standard cell through 
a standard resistance is sent through them. This being done> 
batteries E^ and Eg are connected by the two stations on to the 
ends of the cable, and then the adjusted galvanometers are 
severally connected on each side of the respective resistances 
r and r of the two stations, there being in Wi^ ^Sx^t):^ <A ^m^ 
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galvanometer very high but equal resistances. Station A, say, 
now adjusts B^ and watches the effect on his galvanometer ; B 
also watches the effect on his own galvanometer, and &om time 
to time signals the deflection he obtains to A ; this signalling is 
easily done by having the front contact of a well-insulated key 
connected to the end of the cable, and the back contact connected 
to earth, whilst the lever of the key is connected to one terminal 
of a small condenser whose second terminal is to earth. By 
pressing down this key a small quantity of the charge in the 
cable will rush into the condenser, and a momentary movement 
of the galvanometer needle at station A will be produced ; by 
arranging then that so many movements shall represent the 
deflection, B can easily communicate his results to A. 

When exact adjustment is obtained, the galvanometers are 
disconnected from either side of r and r, and the potentials Yi 
and Vi are measured in the ordinary manner (page 237), and then 
z is obtained from the formula 

X = r 



Vi-»i 



To make this test as accurately as possible it is advisable, 
for the reason explained on page 237, when the value of a; is 
obtained by a rough test, to adjust r and r so that they shall 
be approximately equal to z. 
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OHAPTEB XVII. 

TESTS DURING THE LAYING OP A CABLE. 

The immediate detection of a fault which may occur in a cable 
during its submersion is a point of great importance. To enable 
this to be done, a good system of testing is requisite. 

Whatever the system be, it should be a continuous one, that 
is to say, the cable should be continuously and visibly under 
test, so that the moment a fault occurs it may be detected by 
the ship and traced. 



System fob Compound Cables. 

For laying cables which are not more than 200 miles or so in 
length, and which have several wires, the method shown by 
Fig. 69 may be employed. 

In this system the wires are all connected up in one continuous 



Fia. 69. 



SHIP 



SHORE 




BuTbh 



length as shown. Should there be an odd number of wires, the 
odd one would have to be coupled on to one of the others in 
" multiple arc." 

In Fig. 69, g^ and g^ are two ordinary "detector" galvano- 
meters well insulated. The battery e, of one or two cells (also 
well insulated), keeps a continuous current circulating through 
these galvanometers and the conducting wires of the cable; 
this serves as a "continuity" test, for if any of the wires 
should break within their insulating diea^^imi^^^ >i2si^ ^^sc!c^ 
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beoomes interrupted, and consequently the needles of both gal- 
vanometers will fall baok to zero. In the case of a cable with 
an odd number of wires, should the conductor of either of the 
two which are coupled together become broken, then the needles 
will only fall back a little way and not back to zero ; this, how- 
ever, will be quite sufficient to indicate that the conductor is 
fractured. 

The galvanometer G is of the marine description, shown on 
page 36, and is connected to one of the wires. The battery E, 
of about 100 cells, keeps a continuous current flowing through 
the galvanometer and through the insulating covering of the 
wires. If a fault occurs in the insulation, the current by escaping 
direct to earth causes an immediate and very large increase in 
the deflection of the needle of G. 

In order to keep up communication with the shore, the 
current from battery e is reversed after certain equal intervals 
of time. If the shore perceives that the reversal has not taken 
place, or that the needle of ^2 is not steadily deflected, he knows 
that something has gone wrong, or that the ship wishes to 
communicate with him, and he joins up his speaking apparatus 
and tries to communicate with the ship. The galvanometers g^ 
and g^ could be used for this purpose by having ti^e/Z-insnlated 
keys inserted in their circuit at the ship and shore, these keys 
being so arranged that their depression breaks the circuit ; tie 
movements of the needles could then be worked according to 
the ordinary Morse code and communication be kept up without 
inteiTupting the insulation test. 

System for Single Wire Cables. 

The method just described is only applicable to a cable which 
has more than one wire, for although with the latter the 
insulation test would be kept up, there would be no means of 
communicating with the shore. In such cases the following 
plan may be adopted : — 

The end of the cable on board the ship is well insulated and 
connected to a battery and Thomson galvanometer as in the 
previous test and as shown by Fig. 70. On shore (Fig. 71) a con- 
denser is provided, one terminal of which is connected to a brasil 
lever which plays between two insulated contacts ; one of these 
contacts is connected to the second terminal of the condenser, 
which latter terminal is also connected, through a Thomson gal- 
vanometer, to earth ; the other contact is connected to the con- 
ductor of the cable. The battery connected to the cable on board 
the ship charges the former to a oextain ^tential, and the value of 
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this potential will be the same throughout the whole length 
provided no fault exists. If the lever on shore he moved against 
the contact connected to the cable, a portion of the charge in 
the latter will rush into the condenser and will charge up the 
set of plates to which it is connected to the same potential as 
the cable ; the second set of plates will become charged to the 



Fig. 70. 



Fig. 71. 
SHORE. 



SHIP. 



floLvr 




BaJSr C 

•I'l'l'l' 




CaTtb 




Cm3jr 



Earth 



CatW 



opposite potential by a charge rushing in from earth through 
the galvanometer; this in-rush will produce a throw, or mo- 
mentary deflection of the needle, the amount of which will 
represent the potential of the charge in the condenser, that is, 
the potential at the end of the cable. If now the lever be 
moved from the cable contact to the contact connected to the 
condenser, the latter will be short-circuited and discharged. 
The rush of the charge into the condenser when the latter is 
connected to the cable contact, produces a simultaneous rush 
into the cable from the battery on the ship, and as this takes 
place through the galvanometer on board the ship a sudden 
throw is produced on the needle. Now if a fault occurs during 
the laying, the steady deflection on the ship's galvanometer, 
which is due to the flow of current throngh the dielectric of the 
cable, and which is distinct from the throw which takes place 
when the condenser becomes connected to the cable at the shore 
end, becomes greatly increased and renders the presence of the 
fault evident immediately. On the shore the effect of the fault 
is to reduce the potential at that end of the cable, and conse- 
quently the charge which the condenser takes becomes corre- 
spondingly reduced ; when then the condenser becomes charged 
through the galvanometer a reduced throw is produced, which 
thus shows the shore the existence of the fault. 

The lever on shore which charges and discharges the con- 
denser is moved by clockwork which causes it to act every five 
minutes, so that every hour twelve throws are observed on each 
galvanometer. At the end of every hour the ship reverses the 
battery so that the direction of the throws is chan^^d* 
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In order to enable the ship to commnnicate with the shore, 
instructions are given that if at the end of the hour the throws 
do not become reversed, or if they become reversed before the 
expiration of the hour, it is a sign that the ship wishes to 
communicate with the shore; in this case, then, the shore 
disconnects the cable from the clock lever and connects it with 
the speaking apparatus, and as the ship does the same, the 
necessary communications can be carried on. If, on the other 
hand, the shore wishes to call the attention of the ship he can 
do so by moving a lever corresponding to the clock lever two 
or three times quickly by hand ; the ship then observing that 
the throws on her galvanometer take place quickly, instead of 
tft intervals of five minutes, immediately joins up her speaking 
apparatus, and thus communicates with the shore. 

The movement of the lever L in the foregoing system of 
testing is effected, as has been pointed out, by means of a clock, 
but L may be a hand-worked key, and this is sometimes preferred, 
as although a clock ensures the discharges being obtained after 
regular intervals of time, yet the hand method ensures the 
necessary watchfulness of the electrician on shore, which is a 
point of importance. 



WiLLOUGHBY SMITH'S SYSTEM. 

For long single- wire cables a refinement of the foregoing 
method, devised by Mr. Willoughby Smith, has been adopted. 
This system is shown by Figs. 72 and 73. 

On shore, the cable is connected to a key K, galvanometer G^ 
and condenser Ci as in the last method of testing. To the cable 
there is also connected a resistance in circuit with a galva- 
nometer G. This resistance is very much greater than the total 
insulation resistance of the cable, and consequently does not 
appreciably affect the potential measured by the key K, whilst 
it allows sufficient current to pass through the sensitive galva- 
nometer G to produce a sensible deflection of its needle. 

The high resistance is made of selenium, and it must be 
carefully excluded from light, and kept at as uniform temperature 
as possible, otherwise it will vary considerably. 

On the ship the cable is connected to a slide resistance 
Wheatstone bridge similar to that described in Chapter VIIL, 
page 132. 

The working of the apparatus is then as follows : — 

On the ship, plugs are inserted at p^^ andjpj and balance is 
kept on the galvanometer O4 by adjusting the slides of the 
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elide T^igtaaceB, ttte resistance B beiiig preserved ccrngtant. 
This gives the insulation reaiBtance of the oable. 

Galvanometer Q, is kept short-oircnited nuder ordinaiy 
conditions, it being only used ocoasionally for the purpose of 
seeing whether the batteriea are in good condition. 




Should it be thought advieable, as a check, to take an ordinary 
deflection insulation teet," this can be done by removing the 
plugs p^ and p^ ; the current then passes direct &om the battery 
through the galvanometer G4 into the cable. 
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On shore the potential at the end of the oable is observed on 
Ga by depressing the key K every five minutes. The deflections 
obtained are oarefally noted and recorded. 

The battery E is reversed every fifteen minutes by the ship, 
and this is observed on the galvanometer G and shows that the 
condnctor of the cable is entire. If the ship requires to 
communicate with the shore it reverses the battery several 
times after short intervals ; this is acknowledged by the shore 
by means of his key K ; when this is done, the shore moves over 
his switch S^ and receives signals from the ship on galvanometer 
G3 through the medium of the condenser Cq. The insulation 
test is not interrupted by this signalling as the cable remains 
insulated the whole time. • The effect of working the signalling 
key E^ is only to add or subtract a little from the charge in 
the cable through the medium of the condenser and thereby to 
produce momentary deflections on the galvanometer G3. The 
same is the case when the shore signals to the ship, the switch 
82 being moved over to key Kj for that purpose. 

Various slight modifications have been, and are employed in 
practically using this method, but the general arrangement is 
that which has been indicated. 
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CHAPTER XVIIL 

JOINT-TESTING. 

Joints are the weak points in a cable, and it is therefore 
essential that they should be not only carefully made but care- 
fully tested. 

A joint being a very short length of the core, offers, or should 
offer, a very high resistance ; it would consequently be im- 
possible to test it by a direct deflection method, that is, a 
method similar to that by which the insulation resistance of a 
cable is taken. Even with a very powerful battery, the 
galvanometer deflection, provided the joint be good, would be 
quite inappreciable. One or other of the following methods 
must therefore be adopted. 

A condenser can be charged through the medium of the joint 
and after a noted time the discharge taken, which gives the 
amount which has leaked through the joint. This is known as 
ClarFs ctccumulation method. 

Or a charged condenser may be allowed to discharge itself 
through the joint, and the amount lost after a certain time noted. 

In both these methods the discharge deflections are compared 
with the results obtained with a few feet of perfect core. 

Clark's Accumulation Method. 

A gutta-percha or ebonite trough is provided, which is sus^ 
pended by long ebonite rods from any convenient hook. 

The good insulation of the trough is a point of great import- 
ance, and consequently the suspending rods should be quite dry 
and clean. The most effectual way of obtaining this result is to 
well scour the surface of the ebonite with glass or emery paper ; 
this is a much better method than covering the surface with hot 
paraffin wax as is sometimes done. 

We may here remark that surface leakage is almost the only 
thing to be feared in electrical apparatus, and this should 
always be seen to by keeping all surfaces over which leakage is 
likely to occur, in a proper condition. The peculiar formation, 
of ebonite causes minute quantities oi aulTjjYcocnc ^"CAi^\R» ^l^srca. ^^-^ 
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its surface, so that the latter should be often rubbed over with a 
dry cloth. Hot paraffin wax painted over the dry surfaces is 
very advantageous, but where appearance is immaterial nothing 
is so effectual as a surface well scoured with glass or emery 
paper. 

The trough is filled with water, and the joint to be tested 
is immersed and held' down in it by two hooks placed at the 
bottom. 

The portion of the core on either side of the joint should be 
carefully dried (not paraffined), for the same reason that the 
suspending rods were so treated. 

The connections for the test, shown by Fig. 74, are very 
similar to those shown by Fig. 56, page 192 ; the only difference 

Fig. 74. 




CabU 



xJcarvb 



being that the pole of the battery, which in that figure was 
connected directly to the condenser, in the joint test is con- 
nected to it through the medium of the joint. The battery 
used should be as large as possible; 200 cells is the ntunb^ 
very commonly employed. 
Before the joint is placed in the trough for testing, it is 
necessary to see that the latter \!b BraS^cisviW:^ ^'jiM vcusolated. 
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To do this the pole of the battery, which for the regular test 
woTild be connected to the core, must be connected to the wire 
attached to the plate in the trough, and the discharge key 
pressed down ; this charges the condenser ; the battery being 
then disconnected from the plate, an interval of time (usually 
one minute) equal to that which would be occupied by the test 
of the joint is allowed to elapse, and then the "discharge" 
trigger is pressed and the discharge noted ; this should be equal, 
or very nearly so, to the instantaneous discharge. 

The good insulation of the trough being satisfactorily 
obtained, the joint must be immersed in it, and the connections 
being made, the short-circuit plug of the condenser must be 
inserted in its place, the discharge key pressed down, and the 
short-circuit plug removed; the battery then charges the 
condenser through the joint. 

After a certain time, usually one minute, the discharge 
deflection must be noted. A similar measurement must also be 
made, using a length of perfect core in the place of the joint. 
If, in this case, the discharge deflection after the same interval 
of time is much less than that obtained from the joint, the 
latter is defective and must be remade. 

It is a very important point in making the test to insert the 
short-circuit plug in the condenser previous to depressing the 
discharge key ; if this is not done an induced charge is thrown 
into the condenser by the sudden rush of the battery current 
into the core when the discharge key is depressed. This induced 
charge will give a considerable deflection when the condenser is 
discharged, which deflection is in no way due to leakage through 
the joint, though it might be mistaken for such. By keeping 
the condenser short-circuited this induced charge is dissipated. 

If the joint is good, the discharge deflection seldom exceeds 
two or three divisions. Indeed, the fact that it does not do so 
is usually a quite sufficient proof of the soundness of the joint, 
and it is not often the case that a comparison with a piece of 
perfect core is necessary. 

Discharge Method. 

This is a reversal of the foregoing and consists in charging the 
condenser full and letting it discharge itself through the joint. 

The connections for making this test would be similar to 
those employed in measuring high resistances by the fall of 
charge method given in Chapter XV., page 239, the one end 
of the core taking the place of one end of the re8iata"acftk^^fiss.^ 
the plate in the trough the place oi t\v.Q o^i^i^t eiA, 
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The system of charging the condenser through the joint 
cannot of course be carried out unless one end of the core is at 
hand to which to attach one pole of the battery. ^ 

When a joint is made in a cable core at sea neither end can 
be got at. The joint, however, could be tested by midntt|; the 
connections as for the last method of testing, only instead of 
joining the core to the condenser terminal, the latter, and also 
the cable end, would be put to earth. To carry out the test 
in this manner, arrangements would have to be made with the 
shore, previous to the manufacture of the joint, that at a certain 
time the end of the cable shall be put to earth. 

The first method could also be adopted for testing at sea by 
. using an earth in the foregoing manner. 

As a matter of fact, joints made at sea arencTer tested, though 
there seems no reason why they should not be so. 

We may if we please, in both these tests, place the galvano- 
meter between the back terminal of the key and the condenser, 
and join the two terminals from which it was removed by a 
piece of wire. We should then get a charge as well as a dis- 
charge deflection, and there is this advantage, that if the joint 
is very bad or the trough not well insulated, we should get a 
permanent deflection after the charge deflection has taken place. 

The connections should always be so made that the zinc pole 
is connected to the core and the copper pole to the plate. 

It is very advisable to employ a special condenser for making 
these tests, for if one is used which has been charged at any 
time with a high battery power, it will often be found that a 
portion of this charge will have become absorbed, and when the 
condenser is left to itself, this portion will becoHae free and give 
a discharge which may be mistaken for an accumulation through 
the joint. 

Joint-Testing with the Electrometer. 

Although the preceding methods of testing are often the only 
ones which can be adopted, yet when possible it is best to make 
joint tests by means of an electrometer, as the results are al'ways 
more trustworthy than those obtained by the condenser method, 
since they are free from the source of error mentioned at the end 
of the last paragraph. 

Fig. 75 shows the connections for making this test, which is 
executed in the following manner : — 

Previous to the insertion of the joint in the trough, the insu- 
lation of the latter must be tested; this is done by pressing 
down key Kj and moving the switch S over to its toeZZ-insulated 
contact atop a ; this puts tlie ten-c^^V \i^\.\fcT^ "^v i^ connection 



JOINT-TESTINa. 



263 



-with the quadrants of the electrometer^ and thereby charges 
them and causes a steculy deflection of the needle. Key K^ 
being kept depressed, switch S is now opened and the deflec- 
tion watched for two minutes to see whether there is any 
sensible &11 due to the charge on the quadrants leaking to 
earth through the medium of the trough ; if this loss is only equal 



Fig. 75. 




Joint 




to two or three divisions the insulation, of the trough may be 
considered good. 

Key Ki is now released and switch S closed so as to discharge 
the electrometer ; the joint is then placed in the trough and con- 
nected to key K2 in the manner shown. Switch S is now again 
opened and key Kj depressed ; this puts the 200-cell battery Eg in 
connection with the core of the cable, and the momentary msh 
of current into the latter causes an induced charge to rush out 
of the trough and produce a sudden deflection of the electro- 
meter needle ; it is usual to record this deflection, although it 
is of no value, except to show that the various connections have 
been properly made, and that the joint has been placed in the 
trough. 

Key K2 being kept depressed, switch S is now moved over tci 
0, so as to discharge the electrometex, q^xA ^btissn %.^^ks^ ^-^^^^^ 
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The scale of the electrometer is then watched as the current 
leaking through the joint into the trough accumulates and 
causes a gradually increasing deflection of the needle ; the' 
amount of this deflection should be noted at the end of 4me and 
two minutes after the opening of the switch. 

After the observations with the joint have been made,' a piece 
of perfect core must be inserted in the trough and a similar test 
executed, the results of which should not differ much from those 
obtained with the joint. It always happens that a joint gives 
a greater accumulation than an equal length of perfect core, 
unless indeed the joint has been made several days before being 
tested, wj^ich is seldom, if ever, the case. r ,. 
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CHAPTER XIX. 

SPECIFIC MEASUEEMENTS. 

In order to compare the relative or specific conducting power, 
insulation resistance, and inductive capacity of the materials 
used in the construction of the core of submarine cables, it is 
necessary that they should each of them be referred to some 
standard unit with which the comparison can be made. 

Specific CoNDucxiviTy. 

For the specific conductivity of a wire, the relative conductivity 
of the pure metal may be taken as the standard ; the measure- 
ment is then a very simple matter. It can be done in the 
following manner : — 

First measure the resistance of a certain length of pure 
copper wire of a known weight, and then take the resist- 
ance of the sample copper wire whose specific conductivity is 
required, and note its length and weight ; we then have all the 
necessary data. For we have to calculate from these, by simple 
proportion, what would be the resistance of a piece of the 
sample, of equal length and weight with the pure sample, and 
then the resistance of the wire experimented on compared with 
the resistance of the pure sample, which is taken as 100, would 
be its specific conductivity. 

For example. 

Suppose our pure sample was 30 feet long, and weighed 300 
grains, and had a resistance of '656 ohms, and the length of our 
impure sample was 20 feet, its weight 500 grains, and its re- 
sistance • 200 ohms. 

Then since, in the pure sample, 30 feet weighing 300 grains 
has a resistance of • 656, 1 foot weighing 10 grains will have a 

resistance of , and 1 foot weighing 1 grain a resistance of 

•656 X 10 



30" 



= -2186. 
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Fori;he impure sample, we have, resistance of 1 foot weighing 

o^^ ^00 
•200 X ^ 

1 grain is = — = -2500. 

Then, to get the specific conductivity (x) we have the pro- 
portion, 

•2600 : -2186 :: 100 : x; 

therefore 

•2186 X 100 _ . . 

» = Tr^^T:^:. = 87 •44. 

•2500 

It is necessary, in making the measurement, that both wires 
be at the same temperature. 

In the case of a cable where the weight per knot of the con- 
ductor is always known, , the calculations are much simpler, as 
they can be made by reference to Table III. (given at the end of 
the book), which gives the resistances corresponding to various 
percentages of conductivity of a conductor 1 knot long weighing 
1 lb., and at a temperature of 75° Fahr. The way in which 
this table would be used is as follows : — 

Supposing we had a cable whose conductor weighed 107 lbs. per 
knot (this is a very usual weight for the conductor of a cable), 
and whose resistance per knot at 75° Fahr. was found by experi- 
ment to be 11 '56 ohms, then by multiplying 11^56 by 107 we 
get the resistance of a knot-pound of copper of a corresponding 
conductivity. 11*56 x 107 = 1236*92 and this resistance in 
the table corresponds to a conductivity of 96*8, which is there- 
fore the percentage of conductivity of the conductor of the 
cable. 

In calculating out the table, the determination of Dr. Mat- 
thiessen, given in the British Association report on electrical 
standards, has been taken as the basis; this determination 
makes the resistance of a foot-grain of pure copper at 24° C. to 
be • 2262 ohms ; the latter value appears to be the most trust- 
worthy one yet obtained. 



Specific Insulation. 

To obtain the specific insulation resistance of any material 
is not an easy matter, for we have no pure standard material 
with which to compare it, and even if we had, the resistance 
would be BO enormously high that we could not, as in tiie case 
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of the wire, get a piece of a certain length and compare it by 
measurement with another. We must therefore look for some 
other method. 

Now, the form in which gutta-percha is used for submarine 
cables is that of a cylinder, in which the conducting wire is con- 
centrically placed ; and to compare the relative resistances of 
different cores we must first ascertain the law of the insulation 
resistance of cores whose sheathings have various thicknesses. 
As this is an interesting problem, we will give it at length. 

Looking at a transverse section, let us suppose the sheathing 
to be divided into a number of concentric circles, such that the 
resistance of the piece between any two circles equals p. For 
this to be the case, it is evident that the circles nearer the cir- 
cumference must be of a greater thickness than those near the 
centre, since their circumferences are greater. 

Let there be » of these circles, so that n p = W (p here cor- 
responds to the little interval of time t in the fall of charge, 
problem page 199). 

Now, if ** > be internal and external radii or diameters of 

any one cylinder, and if the difference ^'d + 1 — r^ is very small, 
the resistance of the cylinder will be 

27rZr^ 

when I is the length of the cable, and 8 the specific resistance of 
the insulating material. 

Now, the smaller we make r^ + i — r^, the nearer will this be 
true. But in order to do this, we must make p small and n large. 
Now 

27rZr/ "^' 
since p equals the resistance of each cylinder ; therefore 



A , 2irlp\ 



Then, as in the problem we have referred to, 

2^Z 



Tn 



..,(.+H^0" 
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where r« or B is the external, and r^ or r the internal radius of 
the sheathing ; that is, 

and the larger n is the nearer is this true ; therefore make /» = 0, 
and n = 00 so that n p still equals W ; we then get a perfectly 
accurate result. Let 

27rZcW 1 

so that a; = 00 when n = oo . Then 



"^'K'+^T 



2ir2 
W 



when oj = 00 , but when this is the case the expression within 
the square brackets is known to be equal to e* iJius 



therefore 



therefore 



r 



8 log, — « log — 
T T 

W = = -' 

2irl 2-728 Z' 
2-728 Z 



« = W 



log- 



r 



Now, if we take for our standard a cable, the core of which 
has a length of 1 knot, insulation resistance of 1 megohm, and 
of such external and internal radii or diameters (that is, the 

diameters of the sheathing and conductor), that log — = 2 • 728, 

V 

then « = 1. 

If, thei;i, we measure the insulation resistance per knot, and 
also the external and internal diameters of our sample core, and 
insert the values in the formula, we get its specific insulation 
resistance. 

♦ See TodhuntefB MgeXjia^^VW^iMiUjOTL^GlLa^ter VH. 
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Since we take the data of 1 knot to insert in the formula, we 
may write it 

^2-728 
8 = W- 



log- 



For examjple. 



The core of a cable had an insulation resistance of 300 meg- 
ohms per knot. Its external diameter was -nr^^ inch, and 
internal diameter -j^th inch. What was its specific insulation 
resistance ? 

2-728 
8 = 800 -— ^ = 1360. 

log J 

It may be remarked that the foregoing standard of specific 
insulation resistance is really that of a cube knot of the material, 
that is to say, of a cube whose dimensions are one knot each 
way, and whose resistance is assumed to be 1 ; this standard 
was introduced by Messrs. Clark and Sabine. 

From what was said on page 289, it will be evident that the 
formula for giving the specific inductive capacity (K) of a cable 
core will be 

log- 

K = F -, 

2-728 

where F is the capacity per knot of the core in microfarads. 
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CHAPTER XX. 

CORBECTIONS FOB TEMPEBATUBE. 

In order to make tests for Conductivity, Insulation Besistance, 
or Electrostatic Capacity strictly comparative, it is either 
necessary that they be made at the same temperature, or, when 
this cannot be done, the temperatures at which they are taken 
should be noted, and a correction made. 

Vinous methods have been suggested to enable this to be done, 
but the following seems to be a satisfactory and simple one. 

It is found, when the temperatures are not very widely dif- 
ferent, that for every degree of increase in temperature, an equal 
percentage of increase in resistance takes place ; that is to say, if 
the resistance increased at a certain rate per cent, by a rise of 
one degree of temperature, it will be increased by the next 
degree of rise at the same rate per cent, calculated on the new 
resistance. 

This being so, it will be evident, on consideration, that the 
percentage of increase for a certain number of degrees will be 
the same at whatever part of the scale they are taken. Thus, 
if a resistance increased 25 per cent, between 30° and 40°, it 
would increase 25 per cent, between 65° and 76°. 

Corrections for Conductor Eesistance. 

If we take a wire of any metal, and determine how much its 
resistance is increased by any number of degrees of temperature, 
we can determine how much the resistance of any other wire of 
the same metal and quality would be increased. 

The law we have stated is exactly the same as the law for 
the fall of potential in an insulated cable. We have simply, in 
fact, to substitute resistances for potentials, and degrees of tem- 
perature for intervals of time, in any of the formulaa we had for 
the above case, and we get our formulsB for change of resistance 
by change of temperature. 

At the end of Chapter XV. we obtained a formula 



COBBBOnONS FOB TEBIPEBATUBE, • 271 

If, then, we suppose a resistance to have increased from r to E, 
by an increase of temperature of n°, and to Ei by an increase 
of ni°,by substitution in the above formula, we get the equation 



_ .o 



^. - ' Qf 



as representing the connection between these quantities. 

If we determine E and r experimentally, we can find what Ej 
will be for an increase in the temperature of 1°, 2°, 3°, &c. ; and 
by embodying the results in a table, we can determine, from an 
experimental measurement made at any temperature, what the re- 
sistance of a wire, of the same kind as that from which the table 
was constructed, would be at any temperature we may reqtiire. 

An example will render this clearer : — Suppose we had a wire 

of pure copper, whose resistance r at 32° F. was found to be 

2064 ohms, and whose resistance E at 75 • 2° F. was 2262 ohms.* 

Then this wire had, by an increase of 75-2° - 32° = 43-2° (») 

2262 
increased its resistance ^.- . , or 1 • 096 times. We therefore know 

2064: 

that any other wire of similar quality will increase its resistance 
by that amount, by an increase of 43 • 2° of temperature. This 
result, then, is the coefficient of increase for 43 • 2 , by which we 
must multiply our observed resistance to obtain its value at the 
required temperature. 

The result we have obtained will enable us to determine the 
increase of resistance for any other number of degrees of tem- 
perature, and also the coefficients, for our formula becomes 

«.^/.. / 2262X43.2^ 

Thus, if we want to find the coefficient for 30° (n^®) of increase, 
we have 

30° 

«' = 2064 (||f)«- = 2199.664, 

showing that an increase of 30° has increased 2064 (r) to 

* These are the exact figuree from experimenta made by Dr. Matthiefiaen 
on pure copper. 
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Q1QQ.R64 

2199-664, or ^^^^ = 1-06568 times, which gives the co- 

efficient for 30° of increase in temperature. 

Since we have to divide K^ by r to obtain the coefficient, we 
have 

Coefficient = f — j ; 



or for the quality of wire in question, 



«i 



o 



Coefficient 



_ /2262\43^ 



\2064 






As the coefficients have to be worked out by logarithmic tables, 
W6 may say 

log coefficient = (log 2262 - log 2064) ^^ ; 

that is, 

log coefficient = (-0009209) Wi°. 

When all the coefficients are worked out by this formula and 
embodied in a table (Table IV.), if we require to find the resist- 
ance of a wire at the higher temperature, that at the lower being 
given, we must multiply the latter by the coefficient corre- 
sponding to the number of degrees of difference between the two 
temperatures. 

If, on the contrary, it is required to reduce or correct from a 
higher to a lower temperature, we must divide by the coefficient 
corresponding to the number of degrees of difference between 
the two temperatures. 

The influence of temperature upon the resistance of metals 
varies according to the conducting power of the metal. Accord- 
ing to Matthiessen,* " the percentage of decrement in the con- 
ducting power of an impure metal, between 0° C. and 100° C, is 
to that of the pure one, between 0° C. and 100° C, as the conduct- 
ing power of the impure metal at 100° C. is to that of the pure 
one at 100° C." A numerical example will best explain this 
law: — 

Supposing we have two wires of the same metal, one of which 
is pure and the other impure, and we take such a length of each 

♦ PhU. Traaa,, 1864, p. 167. 
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that they both have a resistance of 300 ohms at 0° C. ; and 
suppose that the relative specific conductivities of the two kinds 
of metal are as. 100 to 90. Now if we found that the pure 
sample increased its resistance from 300 ohms to 420 ohms, or 
40 per cent., when the temperature was increased to 100° C. ; 
then we should find that die impure sample when raised to 
100° C. would have increased its resistance to 408 ohms, or 36 
per cent., for 

100 : 90 : : 40 : 36. 

From this it is evident that the correction coefficients require 
to be varied according to the purity of the metal, but if we 
know what the coefficients are for the pure metal, and also the 
specific conductivity of the metal, we can correct the coefficients 
accordingly. Let R be the resistance of both the pure a^d impire 
metals at a temperature t, and B^ the resistance of the jmra. metal 
at a temperature ^j, and let k be the coefficient required to 
correct B to the latter temperature, that is, let 

El = B K. [1] 

Let Bj be the resistance of the impure metal at the temper- 
ature <i and let k^ be the coefficient required to correct B to 
this temperature, that is, let 

B2 = B Ki. [2] 

Also let C and C^ be the specific conductivities of the pure 
and impure metals. 

Lastly, let p and pi be the percentages of increase in resist- 
ance of the two samples respectively, between the temperatures 
t and ti. 

We then have the following equations : — 

p = 5^» 100 [3] 



and the proportion 



,^=1^«100, [4] 

piPiiiG :Gi 
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but from equations [8] and [4] we get 

jp __ R It — R^ 

Pi ^ "-^2 100 I^ - ^ ' 
R 



therefore 



JO _ R -Ri 
Ci R — R2 



or substituting the values of R^ and R2, obtained from equa- 
tions [1] and [2], we get 

C R-Rk l-K 



Ci R - R Ki 1 - Kj 
therefore 



1-Ki = §(1-k), 
that is 

ki = 1-§(1-k)=H-^(.-1). 

As the specific conductivity of the pure metal is always taken 
as 100, the formula becomes 

For example. 

From Table IV., the correction coefiScient for correcting from 
45° to 75° (equal to 30° of difference of temperature) is 1 -0657, 
for pure copper. What is the coefficient for copper whose con- 
ductivity is 96 per cent, that of the pure metal ? 

96 
Ki = 1 + — (1.0657 - 1) = 1-06307. 

Corrections for Insulation Resistance. 

The law of change of resistance by change of temperature 
for Inmlatora is the reverse of that for Conductora^ that is to say 
increase of temperature diminishes their resistance, and vice verid. 
If, therefore, we obtain our coefficients from the formula 



Coefficient 



ient =(?)-, 
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where B is the observed higher resistance at the lower temper- 
ature, r the observed lower resistance at the higher temperature, 
n° the number of degrees of difference between the two tem- 
peratures, and til® the number of degrees of difference for which 
the coefficient is required, then we must divide by the coefficient 
when we require to find the resistance at the higher temperature^ 
that at the lower being given, and vice versd. 

The influence of temperature is very much greater on Insu- 
lators than on Conductors, thus whereas a wire containing 96 per 
cent, of pure copper would only increase its resistance from 1000 
ohms to 1030 ohms by an increase of 15° of temperature ; a 
gutta-percha core would increase its resistance from 1000 ohms 
to 9080 ohms by the same amount of decrease of temperature. 

The range of temperatures required in practice is not large. 
If we calculate coefficients for a difference of from 0° to 45P it 
will usually be sufficient. 

Tables of coefficients for copper and gutta-percha, calculated 
on the foregoing principles, wUl be found at the end of the 
book. As it is usual in practice to correct all measurements 
to 75° Fahr., the coefficient corresponding to the number of 
degrees of difference between any particular temperature and 
75° is placed opposite that particular temperature. 

It was pointod out on page 272 that if all the coefficients are 
worked out by the formula "log. coefficient = (• 0009 209 )«iV' 
then in order to correct from a lower to a higher temperature it 
is necessary to multiply by the coefficient corresponding to the 
number of degrees of difference between the two temperatures, 
but to correct from a higher to a lower temperature we must 
divide ; now, if in the latter case we employ the reciprocal of the 
coefficient, then we must multiply as in the first case. By taking 
advantage of this fact, in Table lY. the coefficients are so 
calculated that whether we have to correct from 100° down to 
76°, or from 32 • 5° up to 75°, in all cases we have to mtdtiply ; 
in Tables V. and VI., in all cases we have to divide. 

If it should be required to correct up to any temperature 
other than 75°, then we must first ascertain the number of 
degrees of difference between the two temperatures, and then 
the coefficient opposite to the temperature corresponding to 
75°, minus the number of degrees of difference, will be the 
coefficient required. Thus, if we wanted the coefficient for 
correcting the resistance of a pure copper wire from 45° up 
to 60°, then 60° - 40° = 20°, and 75° - 20° = 65°, and the 
coefficient corresponding to this temperature in Table IV. 
is 1 • 0434, which is the required coeffi-daiit. ^Vws^.\ SX. "\sr^ 
necessary to correct from 60° down to 4b°, Aik'eiim^jQcss^ ^»!vsafc*Osife 
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coefficient will be that corresponding to 76° + 20°, or 95°, tlie 
value of which is • 9686. 

The exact effect of temperature on Electrostatic Capacity lias 
not, it is believed, been yet determined or published; it is 
however very slight. 

Determination of the Temperature of a Wire by Change of 

Eesistance. 

By a reverse process we can tell what the temperature of a 
wire is if we know what is its resistance at one temperature, 
and also its resistance at the unknown temperature. Fop all we 
have to do is to divide one resistance by the other,. and note 
with what number of degrees of temperature the coefficient so 
obtained corresponds, then this result shows the number of 
degiBes the wire has above or below the temperature at which 
the wire was measured. 

'For example. 

To take the case on page 271, we found that the wire had a 

resistance of 2064 ohms at 32°, and at the temperature which we 

will suppose to be unknown, a resistance of 2262, then the ooeffi- 

2262 
cient is ^^^, = 1 • 096, which corresponds to an increase of 43 • 2°: 
2064 

the temperature of the wire is therefore 32° + 43*2° = 76 '2°. 

In this way, if we ascertained the resistance of a cable at a 
noted temperature before it was laid, and then measured its 
resistance after it was laid, we could tell the mean temperature 
of the sea by referring to the Tables. 

Or if we ascertained the resistance of the cable at two 
different temperatures before it was laid, then we could deter- 
mine its temperature after it was laid without the use of 
Tables, thus &om the formula 



nio 



we get 

therefore 

1 ^1 

« o log -^ 



T 
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therefore 

log — 

Por example. 

The conductor resistance (Bi) of a cable at 60° Fahr. when 
lying hi the tanks at the factory, was 2000 ohms, and at a 
temperature of 45° Fahr. the resistance (r) was 1941 • 6 ohms. 
When the cable was laid the resistance (R) was found to be 
1961 ohms. What was the temperature of the sea? 

n° = 60° - 45° = 15°, 

1961 

^^194r6 
n° = illi^.l5°= 5° 

2000 
^^S 194176 

The temperature of the sea will tlierefore be 45° + 5° = 50° 
Fahr. 

It is very often the case in cable factories that two sections 
of the cable are in different tanks at different temperatures, as, 
for instance, when several miles of core are added on to the 
made up cable in a colder tank. 

As the whole length must be tested in one section, it is 
necessary to know what correction must be applied to the 
measured resistance of the whole length of cable to correct it 
to the value it would have at one uniform temperature. 



Corrections for Conductor Resistance when Two Sections of 
Cable are at Different Temperatures. 

Let li and Zj be the two lengths of cable in the different 
tanks, also let r^ and fj be the respective conductor resistances 
of the two sections at the temperature of the tanks, and let Pc 
be the resistance of the two together. Also let k^ and k^ be 
the coefficients by which r^ and r^ muat \>^ mullv^Ue^ ^^!»$feRr 
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tively in order to reduce them to the values they would have 
at one uniform temperature, and let Be be the total resistance 
of the cable at this uniform temperature ; we then have the 
following equations : 

P. = »*i + »-2> 

Re = »*i ^1 + r^ K [1] 

therefore 

Re r, Aji -Mv^ ^^ -r -p n ^1 + ^2 ^2 

=^ = > or it- = JT^ : 

P« n + ra ' • * n + r, ' 

and also we may say 

o- Zi = rj Ai, or rj = ^ , 



'2 "~ ^2 ^2> ^^ ^2 "~ ~7~ 



where o- is a constant ; therefore 



O- (Zl + ^2 ) _ p ?l+^2 

ki k^^ Atj k2 



Kl: + W ^ + .- 



If Zi and Zj be the lengths of the portions of the cable in 
knots, then the corrected resistance per knot (r^) will be 

n = P. 1^^ -^ {k + h) = r^f • [2] 

— _L — _L _L _2 

1 2 1 2 

J'W example. 

At a cable factory there were 15 knots (Z,) of manufactured 
cable lying in a tank whose temperature was 50° Fahr. Con- 
nected to this cable were 5 knots (Zg) of core in a tank whose 
temperature was 55° Fahr. The total observed conductor 
resiBtance of the 20 knots was 215 ohms (P^). What would be 
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the conductor resistance per knot (r^) of the cable and core at 
75° Fahr. ? The conductor was of copper of 96 per cent, con- 
ductivity. 

From Table IV. we have (after applying the correction [A] 
page 274) 



therefore 



A:i= 1-0523, h^ = 1-0417; 



216 

r. « -^r= = — = 11 • 283 ohms. 

15 O 

+ 



1-0523 ' 1-0417 



Corrections for Injsulation Resistance when Two Sections of 
Cable are at Different Temperatures. 

Let %x and I2 be the lengths of the two sections, Vi and r^ their 
respective insulation resistances at the temperature of the tanks, 
F{ the combined resistance of the two sections, Ar^ and h^ the 
coefficients by which Vi and r^ must be divided in order to reduce 
them to the values they would have at one uniform temperature, 
also let B{ be the combined resistance of the two sections at 
this uniform temperature; then we have the following equa- 
tions : — 



p, 


=r 


r^r^ 


9 




ri + r^ 










♦*! 


n 



^' = -^— ^ = I. : I. > [3] 



therefore 






R< n + r; p -p »'i + r« 

— - = — 5 ?"» or 1* = ir< — = — : =— ; 

P< n A;, + ra Aji r^fe^ -"r t Jk,^' 
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and also we may say 

o- 2j = r2 kij or fj = -t~ * 

o- ?2 = »*i «2> or Vi = -J- » 
where o- is a constant ; therefore 

If Zi and ^2 be the lengths of the sections in knots, then the 
corrected resistance per knot (r^) will be 



'. = E,(Z. + y = P,(| + |). [4] 



For example. 

Taking the same lengths and temperatures as in the previous 
example, let us suppose the total observed insulation resistance 
of the 20 knots was 160 megohms (PA what would be the insu- 
lation resistance per knot (r») at 75 Fahr. the insulator being 
Willoughby Smith's gutta-percha? 

From Table VI. (by reducing the logarithms to natural 
numbers) we find 

k^ = 6-928, A:2 = 4-704, 
therefore 

•■' = ^^Ke^S + 4^i) = ^^^'^ megohms. 
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CHAPTER XXI. 

LOCALISATION OF FAULTS OF HIGH BESISTANOB. 

Faults in Cables. 

In all the tests for localising faults hitherto described, with the 
exception of the loop test (page 170), it has been assumed that 
the insulation resistances of the portions of cable on either side 
of the fault, are infinitely great compared with the resistances of 
the conductor. Such an assumption practically holds good in 
cases where the cable under test is short, and also if the resistance 
of the fault is small, but when we come to deal with long cables 
having faults of high resistance, the formulae we have obtained 
are no longer correct. The following investigation* is made for 
the purpose of obtaining a test which shall be correct for cables 
of any length and having faults of any resistance : — 
Let A B (Fig. 76) be a cable of any length connected to a 



Fio. 76. 




^5^i.fi^i^«^i<;^;-^'/(N«i\\VKSs\\\\\\\\\^^ 



X '^ 



^m EartTh 



I 



JUL 



Hh 



PQ 



B 



JEartfh 



battery as shown, and having its further end to earth through a 
resistance <r. By putting <r = the end of the cable will be 
direct to earth, and by putting <r = oo, it will be insulated. 

Let the length A B = w 
„ „ A P = oj 

„ P Q = dx, 

♦ See " On the Leakage of Submarine Cables,*' by A. B. Kem^^ B.A..^ 
* Journal of the Society of Telegraph Eng^neeia,* noV vi.^^%<b^. 
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Let the potential at A = Vo 

» »> » 15 = V» 

i» » i> Jr = V 

Q = V + (i V 

Let the current strength at A = Co 

>» >» » 15 = O,, 

>» j> >» i = L' 

« « »9 Q = C + o C 

Let the resistance of X A P = E 
9) 9» » X A Q = It + rf E 

» „ „ X A B = E» 

j> >» » iL A = B^ = o* 

Also let resistance of unit length of conductor = r 
And „ „ „ sheathing = t 

Calling E the electromotive force of the battery, then since the 
flow of electricity from any point to any other point close to it is 
from the point of higher to that of lower potential, and is equal 
to the difference of potential divided by the resistance separating 
the two points, therefore the current along A B at P is 

(YH-^Y)- V , dN ^^ 
rdx rdx 

The resistance of the wire P Q is evidently r dx, because it varies 
directly as the length of the wire, but the resistance of the in- 

sulating sheath P Q is j-, because it varies inversely as the length. 

Hence the " leakage " or the current from the surface of the 
conductor between the points P and Q to the earth where the 
potential is zero, is 

Y-0 Ydx .^ 

; — = — r-.= aC. 

% % 

dx 

Hence 

^ - Y 
dx "" i 
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but 



and, therefore, 



therefore, 



where 



w' 



rdao 



dC _1 d'Y 
dx r da? 



d^Y rV ,^ 



r . /r 

= T 1. e. m = \/ -. • 



The solution of this differential equation, obtained by the well- 
known method,* is 

V = Ae'^ + Bc-"^, [1] 

and 

«=f^="[*'-'"-]- ra 

Now when x = n 

V = V„ = E and = 0,, 

. potential 

therefore, since resistance = ^ . Tr » 

current strength 

V E 

and similarly when a = 

V = Vo and = Oo, 

and 

Ro = o* = 






Taking, therefore, x =i n, 

E = V„ = Ae*"" + Be-"^ by [1] 

0, = -fAe"*"- Be-"-l by [2] 
* See Boole's * Difierential Equations,* seoond ed\t\oii^Q\i%i\Nfst Y^.^'^^'S^^.^ 
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therefore 



R, 



E _ £[" 

- a " ml 



Ae"" + Be' 



Ae"« - Be-' 



] 



[3] 



Again, taking x = 



or = 



_ V« _ A + B . 



«' ^(A-B)- 



therefore 



A 
B 



m \ 



m 

a- 1 

r 



[4] 



and 






e 



(%-0 



+ e 



('7-0 



6 



(v+0 



+ e 



— W1» 



('?-0 



[5] 



Let ns now see how we can apply this investigation so as to 
obtain a test which shall be strictly accurate for a cable of any 
length and resistance. The following, which accomplishes this, 
is in reality the fall of potential test given on page 244, with 
the formula corrected. 



Fig. 77. 




dH»^ 



lEcLrth 



Earth 



Let h c (Fig. 77) be the cable having a fault z a,t Cj x and y 
being the lengths on either side of the fault, and let B be a 
resistance. 

Now from equation [1] we have 



V = Ae"«-VBe- 



[6] 
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and at c, where a? = 0, 

Vj = A -f- B ; therefore A = v^ — B ; 

therefore 

V = Vj e"" - B e"" -f- B e*"", 

or 



V, e"* — V 



e"** — e 



B = li 

Now from [6] 

V - 2 B e— = A c"- - B e"". 
therefore 

V - 2 «- ;^ir3^ = ,t_,^ i = Ae-- Be-. [7] 

Now, calling E„ the resistance beyond 5, we have 

V R, ' * 

therefore 

R R„ R, 



V-v V Ae"« + B e-"^ 

but from [3] 

r rAe"*-f Be""^ "l 

• "" w [Ae"* - Be— 'J ' 

therefore 

JL. = •• r__j__i 

V — V ^ LA e"* — B e-'~J ' 



from [6] ; 



therefore from [7] 

_R 
V 



R r r e"" - e-"" " 1 



Again, considering the portion of cable y, we have 

Vi _ Ai ^ + B, e-""^ 
^ - A, + B, ' 
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and from [4] 

TO 

r 

in whioli, since the end of the cable is insulated, o- = oo ; 
therefore 



from which 



therefore 





B. 


= 1, 




Vl 


e"* 


+ e- 


■mlr 

• 


V, 




2 


> 


Vl = 


XT 


+ «■ 


-my' 


^a 


2 





Inserting this valne in [8], we get 

V - V "■ TO Lv (e"« + e-»«) -V, (c** + e—«')J * 
Now if Z be the length of the cable, then y - I — x, therefore 

TO 



R 



»• e"« — e""** 



Multiplying the top and bottom of the equation by e"^ we have 



R — 



e'^- 1 
therefore 

TO 



g2«« _ 



(V- v) + (v -V8e"^)R 

T 

(V-v)-(v-v,e--)R- 
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from which 



X = r-— lOff, • [9] 

2«» ^ (V-y)-(v-y.e-)B^ 

V 

In this form the foramla cannot be practically used, as we 
require to koow r and w, that is a/ -, r being the resistance 

per unit length of the conductor, and % the resistance per unit 
length of the insulating sheathing. These we cannot determine 
individually,- for the measurement made when the end of the 
cable is to earth is not that of the conductor alone but that of 
the conductor diminished by the insulation resistance, and 
similarly, when the end is insulated the measurement made is 
not that of the insulating sheathing alone but of the latter 
combined with the resistance of the conductor. If, however, 
we know what these measured values are we can substitute 
them in the formula in the place of m and r. 

Let the measured resistance of the cable when to earth at the 
further end be E«, and when insulated E^ ; then 

This value of E, we obtain from equation [5] by putting 
or = 0, and of E,- by putting o- = oo . 

By multiplying one equation by the other we get 






therefore 



Also, we have 



m* 



- = — !— . [10] 
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therefore 



gflrf 



(v^:-')— -(Vl-O^ 



therefore 



e^^.ll^., [11] 






that is 



I 



2m 




and also from [11] we have 



•+^ 



g«I ^ / ^ g^^^ g-ml ^ / _ 1 . J- j2] 



.-VI' 




2_ ^ 

We have thus determined ^— , -, e*^, and e""^, and can 

consequently insert their values in any equations we may 
require. 

Instead of employing the resistance E, we may make the 
test by connecting the battery direct on to h through a gal- 
vanometer, so that the resistance R„ of the cable can be measured 
by the ordinary deflection method (page 5). Then, since 

V : V :: E + E„ : E., 

therefore 

XT ^ 

V.v = vg.. 
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If we substitute this value of V — v in equation [9] we get 

* = 2^ ^"^-^ — ; 17^ 

= 2^ ^^s- — ; ~~^" 



For eooample* 

A cable 1000 knots (2) long had a very small fault in it whioh 
was required to be localised. When the cable was good its 
resistance with the farther end insulated, after five minutes' 
electrification was 700,000 ohms (B,), and its resistance with 
the farther end put to earth, 6000 ohms (E^). When the cable 
was faulty its resistance with the end insulated, after five 
minutes' electrification was 100,000 ohms (K), The potentials 
at the ends of the cable, after five minutes electrification, were 
800 (v) and 222 (Vg) respectively. What was the distance (x) 
of the fault from the nearer end of the cable ? 

m 1 !_ 

r " V 6000 X 700000 " 69161 ' 



1^^^ 6902-1. 



2m 



, , /"5000 
1 + V^ 



log -12222? X 2-3026 

/ 6000 

V 700000 




700000 ^ ^^^, 
= 1-0884, 



700000 
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5000 



6000 



700000 
Inserting these values in the equation we get 

800 + (300 - 292 x 1-0884) 100000 x g^ 

X = 6902-1 X log — 

800 - (300 - 292 x -9188) 100000 X g^j^j 

X 2*3026 = 638 knots. 

As in the case of a small fault the difference between the 
potentifikls at the two ends is comparatively small it is essential 
that they be measured with great accuracy, otherwise a small 
error made in determining their value will make a considerable 
error in the value of x. The readings on the scale of the galva- 
nometer or electrometer must therefore be made as high as 
possible ; it is even advisable to extend the length of the scald 
so that this may be done more effectually. 

The relative values of the potentials at the two ends of the 
cable must be determined in the manner described in Chapter 
XVL 

Faults in Insulated Wires. Waeren's Method.* 

This method is adapted for localising faults of high resistance 
in lengths of cable core which have not been covered with the 
iron sheathing which forms the complete cable. 

The length of wire to be operated on is immaterial, provided 
that the whole or a portion of it can be coiled on an insulated 
drum, and that between the parts coiled the surface of the core 
for a length of 6 or 8 inches can be cleaned and dried so as to 
prevent conduction. 

In the first case (when the whole can be coiled on a drum), 
one-half is coiled off on a second drum, the two drums beii^ 
carefully insulated. The surface of the core between the drams 
is well cleaned and dried. The conductor is attached to one set 
of quadrants of an electrometer, the other set being to earth, and 
the two drums are connected to earth by an attendant at each 
drum ; one pole of the battery (whose second pole is to earth) 
is then connected to the conductor, so that the whole becomes 

* «PMloBopMc«XlJl«®aa2aft,' "Ko.B14, Jime, 1879. 
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charged ; the battery is then disconnected from the electrometer, 
and the earth-wires simnltaneonsly taken off the drums. It is 
best to leave the battery on nntil the earth-wires are removed 
from the drums. 

The insulation of the drums and electrometer should be such 
that no loss can be perceived after a few minutes, when, if the 
earth- wire be applied first to one drum and then to the other, 
the fault will be found on that drum which causes the greatest 
fall in the electrometer. The wire is coiled from the faulty 
side to the other, and the test repeated as often as is required. 
A mile of core with a small fault in it can by a little practice be 
put right in an hour or two, involving no more waste than a 
portion of the insulator which can be held between the fingers, 
and without even cutting the conductor. The position of the 
fault, when it is obtained between the two drums, can be found 
more closely by cleaning and drying the surfaces on each side 
of it, and then touching the place where the fault appears to be, 
with the earth-wire, and seeing whether there ^ a fall in the 
electrometer. 

In the second case, where the bulk would prevent the whole 
from being insulated, we should continue to coil the core upon 
an insulated drum until the fault disappeared — that is, until it 
was coiled on the drum. This is a useful method when dealing 
with " served core," that is core with its hemp covering only, 
at a cable factory. 

By this method a joint may be tested with great ease by 
immersing it in an insulated trough of water, and putting the 
latter to earth, or even by simply touching the moist joint with 
the earth-wire. 

The tests can be made with a galvanometer instead of. an 
electrometer, although it is not such a sensitive arrangement. 
In this case the battery would be connected through the galva- 
nometer to the conductor, as in an ordinary insulation test, and 
then the drums connected to earth alternately, when the deflec- 
tion of the needle shows on which drum the fault exists; but as 
the lengths on each drum may be very unequal, and conse- 
quently one drum may show a greater deflection simply in 
virtue of its having a greater length of core on it, the rush 
of current alone is not sufficient to enable the drum on which 
the fault is, to be found ; but by carefully watching the electrifi- 
cation, and seeing whether the fall is regular or not, no difficulty 
will be found in fixing upon the drum containing the fault. 
The battery-power required will vary with the magnitude of 
the fault and the sensitiveness of the instrument, and can oclL^ 
be determined by experience and expeximieiit* 
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CHAPTEE XXn. 

LOCALISATION OF A DISOONNEOTION FAULT IN A CABLE. 

LOGALISATIGN OF A TOTAL DlSOONNECTION. 

The localisation of a total disconnection in a cable is a veiy 
easy matter. The conductor being broken inside the insulating 
sheathing, a battery connected to the end of the cable wiU 
charge the latter up as far as the fault only, consequently if we 
measure the discharge and compare it with the discharge firom 
a condenser of a known capacity charged from the same battery, 
we shall obtain the capacity of the portion up to the fault. 
Also since the capacity per knot of the cable is always known, 
the observed capacity of the length in question, divided by the 
capacity per knot, will give at once the distance of the &,xli. 

Localisation of a Paetial Disconnection. 

Partial disconnection faults, although they are seldom met 
with in cables with gutta-percha cores, frequently oocur in 
those whose instdating material is indiarubber. This arises 
from the elasticity of the substance ; for when any undue strain 
is put on the core the conductor breaks, but the indiarubber 
only stretches, and an earth fault is not made. When the strain 
is taken off, the two ends of the conductor come together and 
make contact more or less ^rfectly. If the break is notioed at 
the moment the cable is being laid from the ship, its position is 
of course known. But in some cases a fault of this nature does 
not develop itself until some time after the submersion; its 
locality can then only be found by testing. 

Such faults are difficult to localise, as none of the ordinary 
tests are applicable to them. The following method, however, 
devised by the author, is susceptible of considerable accuracy if 
carefully made. 

In Fig. 78, B K represents the cable with its further end to 

earth ; B and r are the resistances of the portions of the cable 

on either side of the disconnection, and y is the resistance of the 

latter; a, J, and c, are tToL© ^Soiofe «i.^^^ oil ^ Whaatstone bridge, 
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of which the cable forms the fourth side; g and gi are two 
galvanometers, the former being of the ordinary Thomson form, 
and the latter also a Thomson, but provided with heavy needles, 
60 that its movements are very sluggish. 

Fig. 78. 




Connected to the battery, and also to the galvanometers, is a 
key of a peculiar description ; it is formed in two parts. The 
ordinary lever h of the key has its back-stop connected through 
the galvanometer gi to the junction of the resistances a, h ; thus 
when the key is undepressed the galvanometer ^, is connected 
to earth. The second portion of the key consists of a lever Z, to 
the underneath part of which is fixed the metal piece Z^, which 
is insulated from Z. Normally, as shown in the figure, Z^ rests on 
a stop connected to one pole of the battery, the other pole of the 
latter being connected to B. The point P is connected perma- 
nently with Zi, whilst the lever I is itself permanently connected 
to the galvanometer g. 

Now, the result of this arrangement is, that normally the 
battery is connected between the points B and P, and the gal- 
vanometer gi is connected between the junctions of a and h and 
with earth, that is with the end B of the cable ; the whole 
arrangement, in fact, forms an ordinary Wheatstone bridge. 

Now, if a, 6, and c be so adjusted that balance is produced, 
then the needle of the galvanometer gi will stand at zero ; if, 
when this is the case, the key h be depressed, g^ will be discon- 
nected, artd when the lever of h touches the end of Z, g will be 
put in circuit in the place of (/i ; but immediately this takes 
place li will be lifted off its contact and the battery will be cut 
off; exactly at this moment then the charges in the cable will 
discharge and divide themselves, portions flowing out at the 
further end and the other portions ftowingovsLt^JoxQM^ ^^a^«»^ 
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h, and thence through e to earth. A throw of the needle of the 
galvanometer will thus be produced. 

Supposing the key A; to be in its normal position, so that the 
battery causes a current to flow through the cable, whilst the 
resistances a, h, and c are so adjusted that the galvanometer ^j is 
unaffected, then let Y be the potential at the beginning, and i^ 
the potential at any other point of the portion B D. 

If now the key is depressed, the charges in the cable repre- 
sented by the areas A B D C and E H E, will flow out at the two 
ends of the cable in proportions dependent upon the values of 
the resistances B, y, and r, and the combined resistances of a, h, 
g, and c. 

Let vdahe a, differential part of the charge A B D C, then this 
portion will split, and the portions flowing out at the two ends 
of the cable will be inversely proportional to the resistances on 
either side oivdx; thus the portion flowing out at B will be 

where Rj is the combined resistance of a, h, g^ and c. 

Now 

therefore 
that is 

dCS'-V (B+y + r-«)' 

"'^ - ''(E.+E + y + r)(E + y + r)' 

and the integral of this between the limits 

a; = E and a; = 

will give the quantity Q' flowing through the galvanometer, . 
that is 

^-J. (B,+E + y+r)(E + y+r)*' 



V 



CiJ, + E + J, + r) (TR -V D -V T^ 



/ (R + y + r - »)« dc 
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^ V r (B + y + r)» - (y + r)n 

(Ei + B+y + r)(B+y + r)L 8 J 

^ V (B + y + r)»-(y+r)» 

3 * (R. + E + y + y)(R+y+r)* 

Similarly we should find that the quaatity Q" flowing out 
from the portion r of the cable would be 

V r* 

^ " "3 • (K, + B+y + r)(R + y + r)' 

and therefore the total quantity Q flowing through the galvano- 
meter will be 

'^"^'^ - 3'(B,+ B + y + r)(B+y + r)-'* '-iJ 

Now the total quantity Qi which the cable woxQd take if its 
farther end were insulated and the end B maintained at the 
potential V, would be 

Qi = V (E + r). 

Again, if / be the capacity in microfarads of such a length of 
the cable as would have a conductor resistance of 1 ohm, then 
(E + r) / will be the actual total capacity of the cable, and if 
Q2 be the charge held by a condenser of F microferads capacity, 
also charged to the potential Y, then 

Qi:Q2::(B + r)/:P; 



therefore 



Q, = Q.(5+iL/=v(B + r). 



or 






Substituting then this value of V in equation [1] we get 

Qa/ (B+y+r)»-(y + r)3 + r3 



Q = 



3F (E, + E + v+rH^-\-'8-V»^ 
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Let 

B + y + r = L, therefore y + r = L — R; 
E + •• = Li, therefore r = L ^ — B. 

Snbstitutmg these valnes in the last equation we get 

Q^ > L3 - (L - B)3 + (L, - By 
'^ " 3 F * (Bi + L) L 

Qa/ L3 - L^ - 3LB^ + 3L« B + B3 + L|3 + SL^B^ - 3L^m^B» 
' 3F * (El + L) L 

Qa/ L.3 + 3 B (L« - W) - 3 B^ (L - LQ , 
- 3F (Ri + L)L 

therefore 

i^^^^±^^ ^ L.3 = 3E(L + LO(L - L0-3B«(L-I,); 

therefore 

therefore 

B. - E (L + L,) + ^-y. (£±i)-_ 

3QF( B. + L)L -Qa/L.a 
3Q,/(L-L.) 
that is 



E = ?i+^ 



V 4 3Q3/(L-L.) L2J 



Now the quantity Q discharged at B will split between the 
resistances g, and a + b, the quantity Q3 passing through the 
galvanometer being 

+ c + g 
from which 

-f 
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The yalue of Ej, the combined resistance of a, &, ^, and c, 
will be 

h + e + g 

and since balance is produced in the bridge 

- ac 

therefore 

and therefore 

Q(E, + L) = ^(^(a + 6) + a(5 + c)). 

Substituting this value in equation [2] we get 



2 V 4 3Q,/(L-L.) 

In which, as we have before stated, 

Should it be necessary to employ a shunt for the galva- 
nometer g, of the ^th value say, then the observed deflection will 
have to be multiplied by n in order to give the value of Q3, and 
also the value of ^ in the formula will be ^th of the actual 
resistance of the galvanometer. 

For eoBample. 

In localising a partial disconnection in a cable by the fore- 
going test| the branches a and h of the \mdL^<^ ^^x^ tql^^ ^^^ 
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ohms each, and balance was obtained on g when c was adjusted 
to 5000 ohms ; consequently since a and 6 are equal 

L = C = 5000. 

The conductor resistance Li when the cable was perfect was 
2000 ohms. 

The resistance of the galvanometer was 5000 ohms, bat when 
the discharge was noted it was necessary to employ the -j^th 
shunt, so that in the formula we must put 

5000 ^^^ 
g = -— - = 500. 
^ 10 

The discharge deflection observed on depressing the key was 
248 divisions, therefore 

Qa = 248 X 10 = 2480. 

The discharge deflection Q2 observed from a condenser of 
1 microfarad capacity (F) when charged to the potential V was 
202 divisions with no shunt, therefore 

Qa = 202. 

The cable having a conductor resistance of 10 ohms per mile, 
and an inductive capacity of • 3 microfarad per knot, the capa- 
city in microfarads of such a length of the cable as would have 

•3 

a conductor resistance of 1 ohm, would be ^7: = • 03 microflarad, 

that is 

/= -03; 
then 



8 X 2480 X 1 

6000 + 2000 / (6000 + 2000)2 100 

^- 2 V 4 

(^500(100 + 100) + 100 (100 + 6000)^ 6000 - 202 x '03 x 2000» 

8x202x -03(6000-2000) 

= 3500 - 2996 = 604 ohms. 

In making this test practically, after c and Q3 are obtained 
the cable would be dificoxmec^^ &Q>T(i\)!cL<b\it\d^<^ aiid a resistance 



LOOALISATIOH OF A DBOONNEOTION FAT7LT IN A OABLE. 299 

equal to L connected between B and F, the potential at the 
point B will then still be V, and further the galvanometer can 
be removed without altering this potential ; the condenser and 
galvanometer must then be joined up in the manner shown by 
Fig. 66, page 192, the wires, however, which in that figure are 
shown as connected to the battery, being connected in the 
present case to the points B and F, Fig. 78 ; then the discharge 
obtained, multiplied by the shunt (if one is employed) gives Qj. 

It will sometimes be found that the cable is traversed by an 
earth cuiTcnt. The effects of this may best be neutralised in 
the manner indicated on page 164, Chapter IX., the compensating 
battery being connected between the cable and the point B, and 
adjustment effected with the lever I Z| raised so as to cut the 
testing battery off; the adjustment will be correct when the 
galvanometer g^ is unaffected, the lever lli is then let down, 
and the test made as if no earth current existed. 

As it would be a matter of considerable difficulty, if not 
of impossibility, to adjust the bridge balance with an ordinary 
Thomson galvanometer (g^) in consequence of the latter being 
greatly affected by slight changes in the earth current, a gal- 
vanometer with a heavy needle whose movements are very 
sluggish, and which is consequently unaffected by slight and 
sudden changes of current, is necessary for the purpose. For 
measuring the discharge, however, a highly sensitive instru- 
ment (g) is necessary, which must be brought into use only at 
the exact moment required, since it is necessary that its needle 
be steady at zero at that time. By the arrangement of key 
shown in Fig. 78, this object is completely effected, as the 
galvanometer g is only brought into use at the moment when 
the battery is cut off, and the cable discharged. 



300 



HANDBOOK OF ELBOXBIOAL TE8TINa« 



CHAPTEE XXm. 



A METHOD OP LOCALISING EARTH FAULTS IN GABLES. 

Localisation of Fault when Cable is not bbokes. 

This test is of the same nature as the foregoing, and pcM»e68es 
the advantage of having all the necessary observations taken 
simnltaneously, and from one end of the cable only. 

In Fig. 79, B and p represent the resistances of the portions 
of the conductor of the cable on either side of the fftult, and r 
represents the resistance of the fault itself. As in the previous 

Fig. 79. 





Ill Earlh 



test, a, b, and c are the three sides of a Wheatstone bridge, of 
which the cable forms the fourth side, and g and g^ are two 
galvanometers. A; Z Zj is a key, the construction and working of 
which was fully described in the previous test, and which it is 
unnecessary to consider again here. 

Supposing the key to be in its normal position, then let V 
represent the potential at the beginning of the cable, v the 
potential at the fault and also at the further end H, and v the 
potential at any point between B and D. 

If now the key k is depressed, the charge in the cable, which 
is represented by the area A B C D, will flow out at B and at 
D in proportions dependent upon the values of the resistances 
r, S, and the combined lesiistanoe^ a,b^ ^^ ^\3Ld c* 
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Let V dx he Q, differential part of the charge. Then the 
portion of this which will flow out at B will be 

R + r-a 
^^ ''Ei + R + r ' 

where Bi is the combined resistance of a, &, g, and c. 

Now 

V:»::R + r:E + r-»; 
therefore 

V = V ■ : 

R + r ' 

therefore 

^' (E, + R + r)(R + r)"^' 

and the integral of this between the limits a; = B and x = 
will give the total quantity q^, due to the charge A B D C, 
flowing out at B, that is 



, V(E. + B + r)(B + r)*» 



" -I. ^ 

= (B, + B + r)(B + r)^ (B + r-(r)«cte 

(E, + B + r)(B + r)L 3 ^J 

^ V (B + r)3-r3 

- 3 ' (Ri + B + r) (B + r) • 

Now besides the quantity g, there will be a quantity q^ 
flowing out at B, due to the charge represented by the area 
C D H I. Let this charge be g', then 

but 

V : V :: B + r :r, 

therefore 

B-J-'' 
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therefore 



E + r 



This quantity ^ in flowing out at D will divide, the portion 
^2 flowing along E and out at B, being 



E, 4- E + r (E , + E + r) (E + r) 

Consequently the total quantity flowing out at B will be 

5^ + 5«- 3 (E, + E + r)(E + r)^^(E, + E + r)(B + r) 

3 •(Ei4-E + r)(E + r)"'^- L^J 

Now if the cable had no fault in it, and its farther end were 
insulated, and if it had been charged to the potential V, then 
the quantity Qi, which the length B D would contain, would 
be represented by the equation 

Qi = V E. 

Again, if/ be the capacity in microfarads of such a length of 
the cable as would have a conductor resistance of 1 unit, then 
E/ will be the actual total capacity of the length B D, and if 
Q2 be the charge held by a condenser of F microfarads capacity 
also charged to the potential V, then 

Qi:Q2 :: R/:F; 

therefore 

or 

F ' 
Substituting the value of V in equation [1] we get 
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or 

(B + r)3 - ra + 3 r.p = IMiRd^l+^OiE+l) 

Let 

E + r = L 

and 

E + p = Li; 

therefore 

r = L-R 

and 

j)— r = Li — L, or p = Li— L + r; 

therefore 

(R 4- r)3 - r3 + 3 r^ p = L^ - r3 + 3 r^ (Li - L) + 3 r3 = L« + 

3 r3 (Li - L) + 2 f^ 
= L3 + 3 (L - R)2 (L, - L) + 2 (L - R)^ 

therefore 

n pv, , 8 (L. - L) 3QF(B , + L)L L» 

= g . say. [1] 



Also if Qa equals the quantity discharged through the gal- 
vanometer, then by substituting this quantity and the combined 
values of a, &, o, and g^ to which Et is equal, in the manner 
shown on page 297, in the last chapter, we shall have 

3Q3F(y(a + 6) + a(fr + c))L „ 
^ TQTT ^' 

If in making the test it is found necessary to employ a shunt 
with the galvanometer when taking the discharge, then if the 
value of this shunt be ^th, we must multiply the observed 
deflection by n in order to obtain Q3, and also the value of <|r in 
the above equation will be ^th of the actual resistance of the 
galvanometer. 



304 HANDBOOK OF ELBOTBIOAL TBBTTSQ. 

From the cubie equation [1] R has now to be determined ; this 
can be done in the following manner : — 
Dividing each Bide by (Li — L)^, we get 

/L^Y 3 / L-R y _ ^ 

VLi - L/ ■*■ 2 VLi - L/ " 2(Lx - L)^ " "' 



therefore 



VLi-L"*"2/ 4VL, -L^ 8 2(Li-L)3*' ' 

therefore 

/ L-R . ly 3/L--R 1\ 1 O ^ 

VLi - L ■*" 2/ " IVLi - L ■*■ 2;/ ■*" 4 ~ 2(L, - D* " "' 

that is, 

Now this equation is of the same form as the identity 

4 cos^ a — 3cosa — cos3a=:0. 

If then we put 

20 

we shall have 



20 


(L. - L)» 


L-E 



or, 
that is. 



L — R = (L, — L) (cos a — i) ; 

R = L - (L» - L) (cosa - *). [4] 



2 

So that, having worked out the numerical value of ;= =-rr — 1, 

(•Lii — li) 
and ascertained in a table of cosines to what angle this ooire- 
sponds, then the cosine of ^rd of this angle gives cos a, which 
value inserted in equation [4] enables the value of R to be 
obtained. 
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For exam/pie. 

In localiBing a fault by the foregoing test, the two arms a 
and h of the bridge were made 100 ohms each, and balance was 
obtained on g when c was adjusted to 700 ohms; therefore 
L = 700 ohms. 

The resistance of the galvanometer was 5000 ohms, but when 
the discharge was noted on it the y^^^ shunt was inserted, so 

that g — —Tfr- = ^00 ohms. 

The discharge deflection observed on depressing the key was 
350 divisions ; therefore Qs = 338 X 10 = 3380. The discharge 
deflection Q2 obtained from a condenser of 1 microfarad capa- 
city (F) charged to the potential V was 106 divisions with the 
^th shunt ; therefore Q2 = 106 X 10 = 1060. The capacity / of 
such a length of the cable as would have a conductor-resistance 
of 1 ohm was • 03 microfarads ; and lastly, the total conductor- 
resistance L| of the cable when sound was 1100 ohms. Thus 
we have 

a = 100 
h = 100 
g = 500 
c = 700 
L = 700 
L, = 1100 
Q2 = 1060 
Q3 = 3380 
F = 1 
/ = -03 
we then get 

p _ 3 X 3380 X 1 (500 (100 + 100) + 100 (100 + 700) ) 700 

100 X 1060 X -03 

7003 = 401,770,000 - 343,000,000 = 68,770,000 ; 
therefore 

2 2 X 68,770,000 

— 1 = ^-.-./x/v STTTTTT — 1 = 'OOee = COS 3 tt 



(Li - L)3 (1100 - 700) 

= COS of 33° 13'; 
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therefore 

33 13 no Af 

the cosine of which ie * 9814 ; therefore 

E = 700 - (1100 - 700) (-9814 - i) = 507 ohms, 

which gives the distance of the fault. 

It may be remarked that the foregoing test is an excellent 
example of one of those rare cases in which the solution of an 
equation of the third degree is practically required, and in which 
the application of trigonometrical formulae for the purpose is 
useful.* 

Now the cosine of an angle can never exceed 1, and it will 

2 

sometimes be found, on working out the value of y= =r^ — 1, 

that its value will exceed unity ; consequently in such a case B 
cannot be determined by the help of a cosine table, but some 
other method must be adopted. Let us determine this method. 
In equation [2] let 

L~B 1 1 

we then have 



or 



Let 



2^ + l47+40-(L::rL)i) = ^- 



'^ -1 = K; 



3 



therefore 



(Lx - L) 



K 1 

v" --«•.+ — = 0, 
^ 4 ^ ^ 64 ' 



a guadratic equation, from which y^ can be determined in the 
ordinary manner. Thus 

* See Todhunter's * TiigoaometorjJ ^bit^^^NMsii,^\».^tei xvii., page 202. 
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therefore 

or 

y = i [K ± VK« - 1]», 
and 

y + 1 = i { [K + ^E}^ri]i + [K + ^/ETri]-*} 

if 

= i { [K + V^^^]i + [K - -/K^^Tl]* } ; 
so that we get 



B = i;. - (L, - L)i { [K + VK* - 1> + [K - VK«- l]i- 1}. 
in which 

K- ^^ 1 

and 

3Q.F(g(a + &)+a(l>+ c))L ^, 

^ = 6Q7 ^' 

For example. 

In making the test, suppose the following to have been the 
numerical values of the different quantities : — 

a = 100 

h = 100 

g = 500 

c = 900 

L = 900 

Li = 1100 

Qs= 300 

Qs = 1230 

F = 1 

/ = -03 
therefore 

3 X 1230 X 1 (500 (100 + 100) + 100 (100 + 900) ) 900 
^ "" 100 X 300 X -03 

900» = 738,000,000 - 729,000,000 = ^,^^^,^^^\ 
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therefore 

_ 2 X 9,000.000 _ _ 

^ - (1100 - 900)» - 1 - 2 25 - 1 - 1 15, 

therefore 

VK^-l = Vl-152-1 = -56789; 

from this we get 

E = 900 - (1100 - 900)^ {1 -71791+ -682111 - 1} 
= 900 - 200 {1-1977 + -88497 - 1} = 694 ohms. 

Localisation of Fault when Cable is broken. 

In this case, referring to page 302, the quantity discharged at 
B when the key is depressed will be only q^ instead of gi + ^2 J 
consequently equation [A], on the same page, will become 

_ Q^ B3 + 3B^r + 3Brg 
^" 3F'(Ri + E + r)(E+r)* 
or 

and putting 

R + r = L, 

we get 
therefore 

and by substituting a, 6, c, g and Q3 in the manner shown on 
page 297, we get 



V bQ^f 

For example. 

In localising a fracture in a submarine cable by the foregoing 
test, a and 6 were made 100 olamE ea.ch^ and balance was obtained 
on g when c was ad^-aated to ^^'^ cJtim^. 
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The resistance of the galvanometer was 5000 ohms, but when 

the discharge was noted, the -j^th shunt was inserted, therefore 

5000 ,^^ ^ 
g = — — = 500 ohms. 

The discharge deflection observed on depressing the key was 
186 divisions, therefore Q3 = 186 x 10 = 1860. The discharge 
deflection Qg obtained from a condenser of 1 microfarad capacity 
(F) charged to the potential V was 120 divisions with the -j^th 
shunt, therefore Qg = 120 x 10 = 1200. The capacity / of such 
a length of the cable as would have a conductor-resistance of 
1 ohm was • 03 microfarads. 

The total resistance of the cable when sound was 700 ohms ; 
then 

= 700-\/7003-j^||J^^(500(100+100)+100(100+600))7O 

= 700-531 = 169 ohms. 

A great merit in the foregoing methods of testing for faults 
lies in the fact that the two cable measurements can be made 
almost simultaneously ; thus the moment balance is obtained on 
gi by adjusting c, at that moment the key is depressed, and the 
discharge deflection Q3 noted on the galvanometer g. The 
other measurement, viz. that from the condenser, can be made at 
leisure. Thus after c and Q3 are obtained, the cable would be 
disconnected from the bridge and a resistance equal to c con- 
nected between B and F, the potential at the point B will then 
still be V, and further, the galvanometer g can be removed with- 
out altering this potential ; the condenser and galvanometer must 
then be joined up in the manner shown by Fig, 56, page 192. 
The wires, however, which in this figure are shown as connected 
to the battery, being connected in the present case to the 
points B and F, Fig. 79 ; then the discharge obtained, multiplied 
by the shunt (if one is employed), gives Qg. 

Should earth currents be present when the test is about to 
be made, they may be neutralised in the manner explained on 
page 164, in Chapter IX., and also at the end of the last chapter. 
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CHAPTEB XXIV. 
GALTANOMBTEE BEBI8TANCE FOB mOH BBN8ITIVENE88. 

The question of what resistance a galvanomBter shoold have m 
order to obtain high sensitivBiiees involveB several points. Bach 
as " the shape of the coil," " the diameter of the wire," &o. The 
determination of all these points, however, would be more nseM 
for the purpose of finding what are the moat eoonomioal oon- 
ditions under which a galvanometer can be made, than (what is 
more to the purpose of the practical electrician) for showing how 
any particular galvanometer can be arranged so as to give tuffiaai 
sensitiveness for making any particular test with aocnracy. 

The problem we have to solve in the latter case is as 
follows : — Having given a galvanometer with a coil of a certain 
size, should thin or thick wire be on it to obtain sufficient 
sensitiveness for any particular test ? Or supposing the coil 
to be divided into sevenl seotionB, how 
should they be coupled up ? 

Referring to Fig. 80, which reprS' 
seats a section of a galvanometer coil, 
let Tis direct our attention to the itoma 
of wire at A, If these 4 turns he 
joined np in one continuous length, 
then calling the resistance of each turn 
4, their total resistance will be 4 x 4 
or 4". If, however, the 4 tnms be 
coupled up for "quantity," then thar 
joint resistance will be 1. 

If we suppose the total current flow- 
ing to be constant, in the case where 
the 4 wires are joined np in one con- 
tinnouB length the current makes 4 
tares round the needle of the galva- 
nometer, its effect will therefore be 
equal to 4 ; but in the second case, 
where the turns of wire are coupled up 
for "quantity," the same current only makes 1 turn round the 
needie, hence its eSect ow:^ cfD^^ ^^ «c^a&L to I. 
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If instead of 4 turns we have 9 turns, then the relative values 
of the resistances when joined up in one continuous length, and 
when joined up for " quantity," will be as 1 to 9 X 9, or 9*, 
whilst the relative eflfect of the cxirrent on the galvanometer 
needle will be as 1 to 9. 

In the first case then, where the resistance was reduced 4^ 
times, the effect on the needle was only reduced 4 times ; and in 
the second case, where the resistance was reduced 9^ times, the 
effect was only reduced 9 times ; or, in other words, the effect 
varied directly as the square root of the resistance ; consequently 
for the whole of the galvanometer the effect varies directly as 
the square root of its resistance. 

If we replace the 4 wires at A by a solid wire of twice their 
diameter, then this wire, shown by the dotted lines, will have 
the same resistance as these 4 wires coupled up for " quantity," 
and its influence on the magnetic needle will be very nearly 
the same. As a matter of fact, the effect will be rather less, 
in consequence of the metal being differently distributed over 
the area which the 4 wires occupy. But inasmuch as the silk 
covering with which the wires are insulated is practically of 
the same thickness for large as for small wires, if the thick wire 
were wound on the coil the sectional area of that wire would 
actually be rather larger than the area of the small wires which 
it takes the place of, consequently we may without any con- 
siderable error say that the effect varies directly as /^g. 

This fact enables us to determine what should be the resist- 
ance of the galvanometer in order that any particular test may 
be made under the best possible conditions. Let us take the 
case of the Wheatstone bridge. 

On page 121 we obtained an equation which gave the strength 
of the current flowing through the galvanometer when equili- 
brium was very nearly produced, viz. : 

_^ E a? (a di — 6 a?) 

""'^ {gi<^ + ^) + (^{d + x)} {r{d + x) + d{a + x)}' 

This equation may be written 

1 "Ex (a di "h x) 

^•= f , a(d+'^ ^ (a + x){r(d + x) + d{a + x)] 
l^+ a + x 3 
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We have shown that the effect of the galvanometer coil on 
the needle varies directly as the square root of the resistance of 
the former. Its effect must also vary directly as the current 
passing through the coils, consequentiy the total effect M will 
be 

M = , ^^. X K #c = 



where k is a constant dependent upon the shape of the coil, the 
magnetic strength of the needle, &c. 

We have to find what value of g will make M as large as 
possible, and this we shall do, since K k is constant, by finding 

what value of g will make J^ H =^ as «maU as possible. 

^9 
Now 

Vsf ^ ilgf 

and this will be made a minimum by making i]g — ^L— a 

^9 
minimum, that is, by making 

49— :r " ' 

il9 



therefore 
but 



\l 9 = VA; or g -lt\ 

^^ g (eZ + a?) 

a + aj 



aid^-x) (a + 5) (d + a;) 
and — -^^— ; 18 the same as ^^ — . ■ , , \ when h x = ad, 

a + X a + + d + X 

and this expression is the joint resistance of the resistances on 
either side of the galvanometer ; theoretically therefore we 
should make g equal to this quantity if we wish M to be as 
large as possible. 

This rule, however, although it shows what value g should 
have in order to make M an absolute maximum, is one which 
cannot well be strictly followed out. We should rather seek 
to determine to what extent the exact rule may be violated 
without seriously diminieihm^ M.. 
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Let US suppose ^ to be n times k, then we have 

_, ^nk ^y vw Kk 
nk + K w + 1 Vfe 

for an absolute maximum n = 1, that is 

TIT 1 K*^ 

Suppose, now, we make g nine times as large as A;, that is, make 
« = 9, we then have 

V"9 ^ _ _i_ Kk 
9 + 1"^ VI "3^^ VI • 

In other words, although g is mfi6 times as great as it should 
be for making M a maximum, yet M has only been reduced from 

- down to -^-^ . Or, to put it in another way : supposing we 

were making a bridge test, employing a galvanometer of the 
exact theoretical value for obtaining a maximum deflection, and 
supposing that having nearly obtained equilibrium, the deflec- 
tion of the galvanometer needle was 3 • 3°, then, if the resistance 
of the galvanometer had been nine times the theoretical value, 
the deflection would only have been reduced down to 2°. 

It must therefore be evident that, unless we employ a gal- 
vanometer whose resistance very much exceeds the theoretical 
value, its sensitiveness will be nearly as high as possible. If it 
is necessary to draw a limit, we may say — avoid making the 
resistance more than ten times as great (or as small, as can also 
be shown) as the theoretical value. 

It will be found that in all tests in which the value of g for 
maximum sensitiveness is required, an equation of the form 

M^—trXKK 

g + k 

can be obtained, k in fact is in reality the resistance external 
to the galvanometer, so that we have simply to find what this 
resistance is, and then make g as nearly as possible equal to it. 



314 HANDBOOK OF ELEOTBIOAL TE&nNQ. 



<-# 



CHAPTER XXV. 

SPECIFICATION FOR MANUFACTURE OF CABLE.— 
SYSTEM OF TESTING CABLE DURING MANUFACTURE. 

As soon as the laying of a new cable has been decided upon, 
and the route which it is to take has been selected, &c., the 
manufacture has to be commenced. The choice of the types of 
cable to be adopted, the lengths of the " shore ends," " inter- 
mediate," and "deep-sea" sections are purely matters of expe- 
rience and discretion with the engineers in charge of the work, 
and no satisfactory rules for general guidance can be laid down. 
When the description of cable has been settled upon, a speci- 
fication has to be drawn up, of which the following is a general 
specimen. 

The_ Telegraph Company and 

Telegraph Works. 

Contract Specification for the manufacture of the Submarine 

Telegraph Cable of the Telegraph 

Company, to be laid between the coast of , near 

J and the Island of . 

The following lengths of cable will be required : — 
Actual distance, 480 knots (each being 2029 yards), or, in- 
cluding 10 per cent, slack,* 528 knots. 

A. Main cable 500 knots. 

B. Intermediate cable 11 „ 

C. Shore-end cable 17 „ 

Core. 

The core of the entire length of cable to be as follows : — 
Conductor. — To be formed of a strand of seven copper wires 
of a conductivity of not less than 96 per cent, of pure copper 

* The amount of slack required will vary with the length of the oable and 
with the depth of water it ia laid lu. 
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a(^oo4ding to Matthiessen's standard,* and weighing one hundred 
and seven (107) pounds per nautical mile (2029 yds.). 

InmiloAofr, — Copper conductor to be covered with three coatings 
of the purest gutta-percha, a coating of Chatterton's compound 
being placed next the conductor and between each layer of 
percha. The insulator to weigh one hundred and fifty (150) 
pounds per nautical mile, making the weight of the conductor 
when covered with the insulator, two hundred and fifty-seven 
(257) pounds per nautical mile. 

The insulation resistance of each coil to be not less than 
250 megohms per nautical mile after having been kept in water, 
maintained at a temperature of 75° Fahrenheit for not less than 
twenty-four consecutive hours, and after one minute's electrifi- 
cation. 

Each coil of insulated wire, before being placed in the tem- 
perature tank for testing, to be carefully labelled with the 
exact length of wire, the exact weight of copper, and the exact 
weight of insulator it contains. 

A margin of 4 pounds over or under the specified total weight 
(257 lbs.) will be allowed, but the mean weight of the core for 
the whole cable must not be under the specified weight. 

The core during manufacture to be carefully protected from 
sun and heat, and kept under water. 

Joints, — Every joint to be tested by accumulation, and the 
leakage from any joint during one minute not to be more than 
double that from an equal length of the perfect core. Notice to 
be given to the inspecting officer of the company when a joint 
is about to be made, so that he may test it. 

Serving and Sheathing. 

Main Cable A. 

Serving, — The insulated conductor to be served with the best 
wet-tanned Eussian hemp to receive the sheathing as specified, 
and to be then kept in tanned water and not allowed to be out 
of water more than is necessary to feed the closing machine. 

Sheathing. — The served core to be sheathed with fifteen gal- 
vanised iron wires, each • 120 of an inch in diameter. 

The lay to be 10 inches, no loose threads of hemp to be run 
through the closing machine, and no weld in any one iron wire 
to be within six feet of a weld in any other wire. The sheathed 
core to be finally covered with three coatings of Bright and 

* See page 266. 
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Clark's compound, a serving of tarred yam made from the best 
Eussian hemp being placed between each layer of compound, 
each serving of yarn being laid on in contrary directions. 

Intermediate Cable B. 

Serving to be similar in every respect to that on the Main 
Cable A. 

Sheathing to be generally similar to that specified for the 
Main Cable A, but the iron covering to consist of ten galvanised 
iron wires, each • 180 of an inch in diameter. The lay to be 
10 inches. 

Shore-End Cable C. 

The shore-end cable to consist of Cable A complete, and further 
well served with the best wet-tanned Eussian hemp, and then 
sheathed with twelve galvanised iron wires, • 300 of an inch in 
diameter. 

The lay to be 17 inches, no loose threads of hemp to be run 
through the closing machine, and no weld in any one iron wire 
to be within six feet of a weld in any other wire. The sheathed 
core to be finally covered with three coatings of Bright and 
Clark's compound, a serving of tarred yam made from the best 
Eussian hemp being placed between each layer of compound, 
each serving of yam being laid on in contrary directions. 

The completed cable, as fast as it is made, to be passed into 
a tank of water and kept covered with water until shipped. A 
correct indicator to be attached to the closing machine and 
length of cable to be marked as agreed. 

QcjALiTY OF Materials. 

The wire used in the Main Cable A, to be of the best quality 
of homogeneous wire, galvanised, and having a tensile strength 
of 50 tons per square inch area, and 850 lbs. as a minimum 
breaking strain on a length of 12 inches between the clamps. 
The wire must elongate not less than f per cent, before break- 
ing. It shall bend round itself and unbend without breaking. 
The joints in the homogeneous wires to be of the form decided 
upon by the company's and contractor's engineers, and, as far 
as practicable, no one joint to be within six feet of any other 
joint. 

The iron wire to be used in Cables B and C is to be of 
the quality known as Best Best, free from inequalities, gal- 
vanised and annealed, au^\vaJ^V3[i^^^^■^«^'^«<xQ*IL^th of 25 tons 
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|)efr square inoli of area. A margin of 5 per cent, will be allowed 
nr weight, provided the average weight is as specified above. 
The wire for Cables B and C to be capable of being bent round 
a cylinder four times its own diameter and unbent without 
breaking. No wire of brittle quality shall be put into the 
cables, and the engineers or their assistants shall have power 
to reject any hanks which break frequently in the closing 
machine, or are of unsatisfactory quality. No weld shall be 
made in the B and C cables within six feet of any other weld. 

The galvanising of the iron to bear four dips of one minute 
each in a solution of one part by weight of sulphate of copper 
and five parts of water. 

Each intermediate cable to be finished off with suitable 
tapers to be arranged to the satisfaction of the engineer of the 
company. 

Testing Accommodation. 

A proper room and aU necessary batteries and leading wires 
to be provided for testing the cable during the whole manu- 
facture. 

Inspection. 

The engineer of the company or his agents to have access 
to the works for inspecting and testing cable and all materials 
employed, and may reject all materials which are unsatis- 
factory. 

Penalty. 

The whole of the cable to be completed on or before the time 

stated in the tender under a penalty of ^per cent. 

on the price for each day, or fraction of a day after the said 
time, until the day the cable may be actually completed and 
ready for shipment. 

The manufacture may not be carried on at night without the 
written consent of the engineer of the company or his agent. 

The cable ship or ships are not to leave the wharf with cable 
on board until the cable has been thoroughly tested in all 
respects by the engineers or their assistants from the shore, and 
ample time after the shipment of the last mile to be allowed 
for this purpose. 
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SYSTEM OF TESTING CABLE DUEING MANUPAOTUBE. 

The tests made by the cable manufacturers, although syste- 
matic, are not as a rule quite so exact or lengthy as those made 
by the electridoQ representing the company for whom the cable 
is being made. The cable, once manufactured, passes out of the 
manufacturers' hands, and the latter have no further interest 
in the matter ; whereas the company may require at any time 
to localise a fault, and the more precise the data they possess 
the more closely will they be able to determine the position of 
the defect. Besides, when a large number of cables are being 
made at once at the factory it would be impossible, without a 
very large staff, to make an elaborate series of tests for each 
cable ; whereas these can easily be made by the electrician and 
his assistants when there is only one cable to look after. 

The methods of working out the tests, and the forms employed 
for entering down the same, depend upon the individual opinion 
of the electrician in charge of the work, but the following will 
give a general idea of the course to be pursued : — 

Tests of the Coils. 

The core of the cable is usually made in 2-knot lengths 
approximately, which are coiled upon wooden drums as manu- 
factured, and then placed in tanks of water heated to a tempe- 
rature of 75° F. to be tested. 

After being placed in the tank, the coils should remain there 
for at least twenty- four hours, so that they may acquire through- 
out their mass the necessary uniform temperature. At the end 
of this time the tests may be taken. 

Sheets A, B, C, and D are employed for entering all the 
details of the tests as they are made ; the more important of 
these details are then copied on to Sheet E. The working out 
of the tests of the coils and cable is shown on corresponding 
pages. 

The figures given are such as are often obtained in actual 
practice. The insulation resistances of the coils are very often 
considerably higher than those shown, but this entirely depends 
upon the time which elapses after the manufacture. 



SYSTEU OF TESTING OABLB BtTBING MANXTFAGTUBE. 819 



2! 

P3 



•J 



a 






1^ 

s • 

85 

5^ 



i 


I 2 


jsS 


• 
• 


• 
• 


eo 


s 


1 












i-< 














1 


+ 2 


1 : 


<* 

• 


00 

• 

1-* 


• 
• 


• 
• 



1 


I s 


!• 


+ s 



J 



i-< o 



o 

o 



■ 

■8 

I. 



-3) 
3 

O 



43 00 



1^; 



I 



^ : 



CO o 

•-• o 



^ - 




Oi ^ i-< 

1-I o «o 

04 



o 

C4 



Oil 



C4 

CO 

CO 

»o 

01 



Oil 



01 






k 



00 



o 






00 



I 
I 






Si 



CO 

o 



w 



o 



o 



o 



o 



— lO »o o 



CO 



00 

o 



2» 



oS, 



ja O) 



eo eo 



0> 
C4 



CO 
04 



I- 



s2 



01 



04 



fH 
04 



04 
04 



I 

a 



CO 
O) 



o 



CO 

o 
o 



o 



o 



i-H 04 04 i-< fH 



9 CO 



o 



CO 04 



CO 

o 



CO 



i-< 04 CO 



lA 



.CO 



2 

QQ 



\ 



320 



HANDBOOK OF ELEOTBIOAL TESTING. 



Calculations for Sheet (A). 
Copper. 



April 6^A. 



Ko, 1 Coil. 

log 213 = 2-3283796 
log 1-9946= -2998558 

2*0285238 
= log of 106-79 

No. 3 CoU. 

log 215 = 2-3324385 
log 2-0069= -3025257 

2-0299128 
= log of 107-13 



No, 2 Coil. 

log 214= 2-3304138 
log 2-0074= -3026339 



2-0277799 
= log of 106-60 

No. 4 Coil. 

log 214 = 2-3304138 
log 1-9990= -3008128 



2-0296010 
= log of 107 -05 



No. 5 Coil. 

log 212 = 2-3263359 
log 1-9990= -3008128 



2 0255231 
= log of 106-05 



CkLtta-percha, 
No, 1 Coil. No. 2 Coil. 

log 298= 2-4742163 log 302= 2-4800069 

log 1 - 9946 = - 2998558 log 2 • 0074 = - 3026339 



2 1743605 
= log of 149-40 

No. 3 Coil. 

log 304 = 2-4828736 
log 2-0069= -3025257 

2-1803479 
= log of 151 -48 



2 1773730 
= log of 150-44 

No. 4 CoU. 

log 299 = 2-4756712 
log 1-9990= -3008128 

2 1748584 
= log of 149 -57 



No. 5 Coil. 

log 296 = 2-4712917 
log 1-9990= -3008128 



2-1704789 
= log of 148-07 



SYSTEM OF TESTING GABLE DUBING MANTTFAOTUBE. 821 



§ 

u 



« 



o 
to 

§ 

m 






PS 

o 

o 

P 



o 



.d 








• 




















a 














S 














•S>.S^; 














S.?^S. 


















CO 


t* 


tH 


CO 


04 




^ 


S; 


S> 


s; 


• 


s § a a 














S«> b 














a S 3 


• 


cq 


00 


t* 


a> 


04 




QQ 

1 


• 


• 


• 


• 


CO 

• 


Is. 1 


o 


?H 


f^ 


iH 


iH 


f^ 


8 














IBesistan 

of 
onductor. 

17 


1 


00 


o 


1—1 


CO 


04 


01 


o 

CO 
01 


O 




04 

W 
04 


s o 














o 














H 














s 














§5 














II ^ 


• 


• 


f-^ 


l> 


C4 


00 


'■D'C'^'Q CO 


00 

1 


• 


• 


• 


CO 

■ 


o 


C4 


C4 


(N 


C4 


04 


l"s 














H 














<M 














o 














Bistance 
Leads. 

16 





CO 

• 

rH 


S 


9% 
0k 


•* 
«« 


S 


« 














(^ 














•s 




CO 


'^ 


a> 


o 


o 


ingth 
Coils. 

4 


4^ 


"* 


l> 


CO 


O) 


o 


Oi 


o 


o 


Oi 


Oi 




• 


o 

• 


o 

• 


• 


• 


P 


#■■■ 


fH 


01 


04 


rH 


?H 


1^1 « 




rH 


C4 


00 


tH 


« 






CO 










s -^ 


iH 
00 
00 


1 


9k 




•* 
•* 








= 



322 handbook 0^ eleotbigal testina. 

Calculations for Sheet (B). 
Conductor Besistance, 

No, 1 Coil, 

log 22-98 = 1-3613500 
log 1-9946= -2998558 

1-0614942 = log of 11-52 
log 106-79 = 2 • 0285238 

3-0900180 = log of 1230-3 
= 97*3 per cent pure copper * 

No, 2 Coil. 

log 23 05 =1-3626709 
log 2 0074= -3026339 

1-0600370 = log of 11-48 
log 106 • 60 = 2 - 0277799 

3-0878169 = log of 1224-1 
= 97 • 7 per cent, pore copper ♦ 

No, 3 Coil. 

log 2301 = 1-3619166 
log 2-0069= -3025257 

1-0593909 = log of 11-47 
log 107-13 =2-0299128 

3-0893037 = log of 1228-3 
= 97-4 per cent pure copper ♦ 

No. 4 Coil. 

log 22-96 = 1-3609719 
log 1-9990= -3008128 

1-0601591 = log of 11-49 
log 107-05 = 2 - 0296010 

3-0897601 = log of 1229-6 
= 97-3 per cent pure copper ♦ 

No. 5 Coil. 

log 23-22 = 1-3658622 
log 1-9990= -3008128 

1-0650494 = log of 11-62 
log 106-05 = 2 • 0255231 

3 0905725 = log of 1231-9 
= 97-2 per cent, pure copper ♦ 



April eth. 



♦ Table 111. ^^^ «\asi^%.'^'b^'^^. 
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Calculations for Sheet (C). 

Apraeth. 

Inductive Capctdty, 

log 3= -4771213 
log 1720 = 3-2355284 
log 330 = 2-5185139 

G + S _ 5460 + 330 _ 5790 

6-2311636 S -" 330 " 330 

log 5790 = 3-7626786 



2-4684850 



No, 1 Coil 



log 167-5 = 2-2240148 

2-4684850 



1-7555298 
log 1-9946= -2998558 



1-4556740 = log of -2855 



No, 2 CoU, 



log 169-5 =2-2291697 

2-4684850 



1-7606847 
log 2-0074 = -3026339 



1-4580508 = log of -2871 
No. 3 Coil 



log 169-5 =2-2291697 

2-4684850 



1-7606847 
log 2-0069= -3025257 



-4581590 = log of -2872 



No, 4 Coil 



log 171-5 =2-2342641 

2-4684850 



1-7657791 
log 1-9990= -3008128 



\- ^t'^^a^^^ = Vi^^il -*l^VT 
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Calculations for Sheet (C) — continued. 

No. 5 Coil. 

log 168*5 =2*2265999 

2*4684850 



1*7581149 
log 1-9990= -3008128 



1-4573021 = log of '2866 



Percentage of Loss. 
No. 1 Coil. No. 2 Coil. 



167*5 
76*25 


169-5 
77*25 


log 91*25 = 1*9602329 
log 100 = 2- 


log 92-25 = 1-9649664 
log 100 = 2* 


3-9602329 
log 167*5 =2-2240148 


3-9649664 
log 169*5 =2*2291697 


1*7362181 
= log of 54-48 

No, 3 Coil. 

169*5 
75*75 


1*7357967 
= log of 54*42 

No. 4 Coa. 

- 171*5 

78-75 


log 93-75 = 1*9719713 
log 100 =2- 


log 92-75 = 1-9673139 
log 100 = 2- 


3-9719713 
log 169-5 =2-2291697 


3-9673139 
log 171-5 =2-2342641 


1-7428016 1-7330498 
= log of 55-31 = log of 54*08 

No. 5 Coil. 

168*5 

77*75 


log 90*75 
log 100 


= 1*9578466 
= 2* 


log 168*5 


3-9578466 
= 2-2265999 


1-7312467 

= log of 53-se» 
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Calculations for Sheet (D). 

April 6th. 

Iiimlation Beaiatance, 

log 17,000= 4-2304489 
log 173= 2-2380461 

1-9924028 = log of 98*27 = value of battery 
log 10,020 X 1000 = 7-0008677 
log 152= 2-1818436 

11-1751141 = log constant 
log 780= 2-8920946 

14-0672087 Bes. of gaJv and shunt = 5-46 

log 6240= 3-7951846 " ^ ^" "" 



10-2720241 5460 + 780 _ 6240 

780 780 



No, 1 Coil, 

10-2720241 
log 148= 2-1702617 

8-1017624 = log of 126 -41 megs, 
log 1-9946= -2998558 

8-4016186 = log of 252-1 megs. 

No, 2 Coil. 

10-2720241 
log 142= 2-1522883 

8-1197358 = log of 131 -75 m^gs. 
log 2-0074= -3026339 

8-4223697 = log of 264*5 megs. 

No. 3 Coil, 

10-2720241 
log 144-5 = 2-1598678 



20-46 



8-1121563 = log of 129-47 megs, 
log 2-0069= -3025257 

8-4146820 = log of 259-8 megs. 
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Calculations for Sheet (D) — continued. 

No. 4 Coa. 

10-2720241 
log 140-5 = 2-1476763 

8-1243478 = log of 133 15 megs, 
log 1*9990= -3008128 

8-4251596 = log of 266 -2 megs. 

No, 5 Coil. 

10-2720241 
log 138= 2-1398791 



8- 1321450 = log of 135-56 megs, 
log 1*9990= -3008128 



8-4329578 = log of 271-0 megs. 



Percentage of Electrification. 
No, 1 CoiL No. 2 Coil, 



148 
137 

log 11 = 1-0413927 
log 100 = 2-0000000 



log 148 = 


3-0413927 
= 2-1702617 


•8711310 
= log of 7-43 

No, 3 Coil. 

144-5 
134 


log 10-5 
log 100 


= 1-0211893 
= 2-0000000 


log 144 -5 


3-0211893 
= 2-1598678 



•8613215 
= log of 7-27 



142 
180 

log 12 = 1-0791812 
log 100 = 2-0000000 



log 


142 = 

: log Oi 

140-5 
132 


3-0791812 
: 2-1522883 


^ 


•9268929 
f8-45 

'o. 4 Coil. 


log 
log 


8-5 
100 

140-5 


= -9294189 
= 2-0000000 


log 


2-9294189 
= 2-1476763 



-781742S 
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Calculations for Sheet (D) — continued. 

Ko, 5 Coil. 

138 
127-5 



log 10-5 = 1-0211893 
log 100 =2-0000000 

30211893 
log 138 =2-1398791 

•8813102 
= log of 7-61 
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Tests OF the Cable. 

As soon as one or more coils have been tested, tlie manufacture 
of the cable is commenced, and as each coil is passed through 
the covering or " closing " machine, another is jointed on, the 
joint being made at such a time that at least twenty-four hours 
can elapse between the making and testing of the same. To 
ensure this necessary time intervening, as soon as one joint 
is passed through the closing machine the next should be made, 
80 that there is a length of two knots of coil to be sheathed 
before the new joint is reached. 

The system of testing joints has been described in Chapter 
XVIII. A form for entering the results of the tests is shown 
by Sheet F. 

In making a joint it is necessary to cut off a certain length 
from each coil. The amount of this length varies according to 
circumstances, but it is seldom more than a few yards. 

The order in which the coils are jointed together does not 
always correspond to the order in which they are tested at 76°, 
and therefore it is necessary to note down their consecutive 
order in a column provided on the test sheets for the purpose. 
In the case of a fault occurring in the cable, this information is 
of use in enabling an accurate measurement to be made. 

Sheets G, H, I, J, and K show the system of entering the 
tests a§ they are taken each day. The method of working out 
and entering the results will be understood from the examples 
given. 

In working out the conductivity test, in order to correct the 
temperature coefficient, the percentage of purity of the copper 
is assumed to be the arithmetric mean of the percentages of each 
2-knot length at 76** ; this, although not strictly correct, is so 
close an approximation to the truth that no perceptible error is 
made by considering it to be so. 

With reference to columns 49 to 55 on Sheet J, as has been 
explained on page 147, the > joint insulation resistance of a 
number of wires is equal to the reciprocal of the sum of the reci- 
procals of their respective insulation resistances. Column 52 
contains, therefore, the reciprocals * of the values in column 51. 
These reciprocals are added together, and the results noted in 
column 58, the reciprocals of these numbers (multiplied by 
10 million) give the values in column 54. 

* These are best obtained from tables (Barlow's ate ^efl[\fiR».\V:^ "v^s^r^. ^\E^^ 
numbers are multiplied by 10 million to ovoid d^QYEoa^A. 
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Colunm 55 is obtained by comparing column 49 with 
column 54. 

When the cable is completed it is usual to make special tests 
for insulation, keeping the current on for half an hour, first with 
a zinc and then with a copper current, the deflections being 
noted at the end of each minute. An interval should elapse 
between the tests with the zinc and copper current, during 
which time the cable must be put to earth ; this enables the 
cable to become neutral before the copper current is put on. If 
the cable be connected to a galvanometer immediately after the 
test with the zinc current, a continuous but decreasing current 
will be found to flow ; as soon as this current ceases, the cable 
vnll be neutral, and the test with the copper current can be 
made. A cable sometimes takes an hour or two to become 
neutral. 

An electrometer test for fall of charge is also sometimes taken 
as a check. 
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Calculations for Sheet (G). 
Length Manufactured, 

log 1404 =3-1473671 
log 274-25 = 2-4381466 

— — — ^-^ 5 • 9926 

•7092205 = log of 5-1194 

•8732 



April 9th. 



Calculations for Sheet (H). 
Conductor Besistance. 

AprU 9th. 

coeflf. 56° p. c* = (1) - 0411 coeff. 67° p. c* = (1) • 0171 97-3 

97-5 97-5 97-7 
97-5 



2055 855 3 )292-5 

2877 1197 97-5 

3799 1539 



(1)-0410725 (1)-0166725 

log 5-1194= -7092191 log •8732 = 1-9411137 

log 1-0411= -0174924 log 1-0167= -0071928 

-6917267 1-9329209 

= log of 4 - 9 173 = log of • 85885 
- 8589 



5-7762 



log 66-34 =1-8217755 
log 5-7762= -7616422 



1-0601333 = log of 11-49 



Estimated Conductor Besistance. 



log 11-46 =1-0591846 
log 1-9952 = -2999864 



1-3591710 = log of 22 -86 



log 68-83 =1-8377778 
log 5-9926 = -7776153 



1-0601625 = log of 11 -49 



* P Qie coppex , T«XAa \N . ^sfc ^i5«o '^%'i *in^. 
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Calculations for Sheet (I). 

Inductive Cajpadty. 

log 3= -4771213 
log 1720 = 3-2355284 
log 100 = 2-0000000 G + S ^ 5460 + 100 ^5560 

5-7126497 S 100 100 

log 5560 = 3-7450748 

1-9675749 

log 165-5 = 2-2187980 
1-9675749 



•25122^1 
log 5-9926= -7776153 

T- 4736078 = log of -2976 

Percentage of Loss, 

165-5 
90 



log 75-5 = 1-8779470 
100 = 2- 



3-8779470 
log 165-5 = 2-2187980 

1-6591490 = log of 45 -62 

Calculations for Sheet (J). 
Insulation Resistance. 



log 17,100= 4-2329961 
log 173 = 2-2380461 



ApHl 9th. 



2-9949500 = log of 98-84 = value of battery 

log 10,020 X 1000 = 7-0008677 
log 152 = 2-1818436 

11 1776613 = log constant 
log 1480 = 3-1702617 

14 - 3479230 Res. of Galvanometer and Shunt = 5-46 
log 6940 = 3-8413595 „ 1 Cell = 15 

10-5065635 20 -46 

log 164-5 = 2-2161G59 ^^^ ^ 5460 + 1480 ^6940 

8-2903976 ^ ~" ^^^^ "^"^^^ 
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Calculations foe Sheet (J) — continued. 



AptH 9a. 



log 51194 = -7092191 log -8732 = 1-9411137 

log coeff.* 56° = -6274066 log coeflf.* 67° = -2641712 

•0818125 T- 6769425 

= log of 1-2073 = log of -47527 
• 4753— 



1-6826 



8-2903976 
log 1-6826= -2259809 



8-5163785 = log of 328-38 
log 5-9926= -7776153 

6-7887632 = log of 54-798 



Estimated Insulation Besistance. 

log 270-3 =2-4318460 
log 1-9952= -2999864 

2-1318596 = log of 135-48 



Percentage of Increase. 

54-798 
43-735 



log 11063 = 1-0438729 
log 100 = 2- 

3-0438729 
log 54-798 = 1-7387647 



1-3051082 = log of 20 -2 



• Table V. 
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OHAPTEE XXVI. 

MISCELLANEOUS. 
To DETERMINE THE TbUE INSULATION EeSISTANCE FEB MiLE OF 

A Line. 

On page 6 it was pointed out that the rule of multiplying 
the total insulation by the mileage of the wire to get the in- 
sulation per mile was not strictly correct. Now, although the 
leakage in a telegraph line insulated on poles is really a leak- 
age at a series of detached points, and not a uniform leakage, 
as in a cable, yet practically, and especially in the case of long 
lines, it may be considered as taking place uniformly, and con- 
sequently the solutions of problems dealing with cables, also 
apply with considerable accuracy to land lines. We may there- 
fore consider the case in question by the help of the equations we 
have obtained in the investigations made in Chapter XXL 
On page 283 we have an equation 

% 

where r is the conductivity resistance per unit length and % 
the insulation resistance per unit length, of the line. Also on 
page 287 we have an equation 

where E, is the total resistance of the line with the further end 
to earth, and B^ the total resistance when the end is insulated. 
By combining these two equations we have 



or 



i=-R,^. [A] 
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If we take the unit length to be a mile, then r being the true 
conductor resistance per mile, % will be the insulation resistance 
per mile. 

It will be seen that the mileage of the line does not come 
into the equation, this quantity being represented by 

E. 

■ ■ • 

r 

What we do, in fact, in order to obtain the true insulation per 
mile of a line, is to multiply the total insulation, not by the 
absolute total conductivity divided by the absolute conductivity 
per mile, which is the same thing as the mileage, but by the 
observed total conductivity divided by the true conductivity per 
mile. 

For example. 

The resistance of a line, 200 miles long, when the further end 
was insulated was 4000 ohms. When the end was to earth the 
resistance was 2400 ohms. The absolute conductor resistance 
of the wire, at the time the measurements were being made, was 
known to be 16 ohms per mile. What was the true insulation 
per mile of the line ? 

2400 
i = 4000 X -r^ = 600,000 ohms. 

Id 

The value of * given by the ordinary rule would be 

f = 4000 X 200 = 800,000 ohms, 

a result 200,000 ohms too high. 

It must be evident that what is ordinarily called the con- 
ductor resistance of a line is really the true conductivity 
resistance diminished by the conducting power of the insulators. 
Conductivity resistance, therefore, in the case of a land line can 
only be measured accurately in fine weather, when the insula- 
tion is very high. To obtain, then, the value of r from equation 
[A] it would be necessary to take a conductivity test in fine 
weather, and to note the temperature at that time; and then 
when an insulation test is made in wet weather, to observe the 
temperature, and from this coiTcct the value of r previously 
obtained in the fine weather. 

In the case of a submarine cable, the insulation resistance 
(when the cable is in good condition) is ol^^.-^^ «jc> ^^<d^ Ns^ 
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excess of the conductivity resistance that the true value of the 
latter is obtained at once by measuring the resistance of the 
cable when its end is to earth. Also the insulation -per mile 
is practically equal to the total insulation resistance multiplied 
by the mileage. 



Testing Telegraph Lines by Eeceived Cueeents. 

The system of daily testing for insulation, described in 
Chapter I., page 6, and which was in general use on the lines 
of the Pos^l Telegraph Department, has now been largely 
superseded by a system of testing by received currents, which 
possesses many advantages over the old method of testing. 

Every day at a definite time currents from batteries are 
transmitted over the different lines, and the strength of the 
currents received at the farther ends are measured. It is 
evident that the strengths of these currents will vary with the 
amounts of leakage on the lines, that is with the state of their 
insulation ; they will also vary with the resistance of the con- 
ductor, and thus the presence of faulty joints or disconnections 
will be detected, as well as faulty insulation. The battery 
power employed for transmitting the currents being preserved 
constant, the strengths of the received currents observed from 
day to day give an accurate knowledge of the condition of the 
lines. 

If we take an ordinary telegraph instrument, say a Morse 
printer, and we connect a lO-ceU Daniell battery to it, together 
with a resistance coil, and then we work the instrument, and go 
on adding resistance in the circuit until the instrument ceases 
to respond, then we can see the minimum current which can 
be employed for working purposes. Now, the instrument in 
question will work well with a 10-cell Daniell in circuit with 
a total resistance of 3000 ohms ; that is to say, it will work 
with a current of 

= • 0033 webers or 3 • 3 milliwebers. 



3000 



A less current than this will not give satisfactory results. 

A telegraph line whose insulation is perfect will have the 

same amount of current flowing throughout every point of its 

length, that is to say, the current flowing in at one end will be 

equal ix> the current flowing out at the other. Supposing then 

that we have a line o{ 1000 o\m^ x^^\&\&tiqa^ ^xid an instrument 
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at the farther end, whose resistance is 500 ohms, and which 
requires 3*3 milliwebers of current to work it, then the electro- 
motive force of the current required to work this instrument, 
the insulation of the line being regarded as perfect^ will be 
given by the expression 

«•« = I000T500 ^ ''''• 

or 

__ 1500 X 3-3 . ^^„ ,^ 

^= 1000 =^'QQg^^^fa' 

Now a Daniell cell has practically an electromotive force of 
1 volt, hence a 10-cell Daniell battery will give 10 volts, or 
will produce on the instrument a signal due to a current of 
6' 7 milliwebers, and therefore will give good signals provided 
the leakage be not greater than 50 per cent. ; if, however, the 
leakage be greater than this, the 10 cells will not prove sufficient 
for the purpose. 

The good working of a line is dependent upon the receipt at 
the receiving end of a sufficient current to work the instrument 
properly ; it is of no avail, if plenty of current goes out, if but 
little arrives at the end to work the instrument there. 

The current going out can be measured or estimated, and 
the current received can be measured, and the relative propor- 
tion of these quantities indicates the working condition of the 
line and batteries. 

Supposing the line and batteries to be in good condition, then 
we know that the strength of the outgoing current is given by 
dividing the electromotive force of the battery by the total 
resistance in the circuit — the result obtained is the greatest 
current that can be received at the end of the line ; in the 
system of testing adopted in the Postal Telegraph Service, this 
value is the standard with which the received currents are com- 
pared. We know what the resistances of the lines are, we 
know the battery powers sending the currents, consequently 
we know the currents that ought to be received; and as the 
daily measurements show the actual currents received, we have 
thus a record which shows the working condition of the lines. 

The measurement of the currents is effected by means of a 
tangent galvanometer of a similar pattern to that shown on 
page 17, and a standard cell. 

The standard cell is formed with three chambers ; in the left- 
hand one is placed a zinc plate imraexa^^L V3i'^%.\«t^^so^^a>L*v^^ 
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right-hand one is placed a flat, porous pot, containing a copper 
plate and sulphate of copper crystak, the pot being kept 
immersed in water. The two chambers are called idle cells, as 
the zinc plate and porous pot are kept in them when the cell is 
not in use. 

The centre chamber contains a solution of sulphate of zinc, 
and a piece of zinc rod, the latter lying in a small compartment 
at the bottom of the chamber. 

When the cell is required for use, the zinc plate and the 
porous pot and its contents are removed from their idle cells and 
placed m the centre chamber ; the cell is then ready for work. 
When the cell is no longer required for use, the zinc plate and 
porous pot are again placed in their respective idle chambers, 
and whilst the cell is at rest any sulphate of copper solution 
which may have become mingled with the sulphate of zinc 
solution in the centre chamber, has its copper decomposed and 
deposited on the zinc rod; thus the solution is always kept 
clear. 

Fig. 81 shows in general plan the arrangement of the tangent 
galvanometer used for making the measurements of the currents. 

In this instrument there are three coils of wire, the one 
nearest the needle consisting of No. 85 copper wire wound to a 
resistance of 320 ohms. The other two coils are of No. 18 
gauge — the one between C and D making three turns, and the 
one between D and E making twelve turns in the opposite 
direction. The latter coils are for testing batteries. Let c be 
the current whose strength is to be tested, then if we connect 
the wires conveying this current on to terminals C and D, we 
get an effect 

c X 3 = 3 c. 

If we connect the wires to terminals C and E the effect 
will be 

cxl2-cx3 = 9o. 

Again, if we connect the wires to terminals D and E, the 
effect will be 

c X 12 = 12 c. 

Lastly, let terminals C and E be coupled together by a piece 
of wire, and let the connecting wires conveying the current to 
be measured be connects to terminals C and D, then the current 
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G mil Bplit, and the amount going tbroogh tbo 12 turns of 
wire Trill be 



^12 + 3' 5 
and the amount goii^ through the 8 turns of wire will be 



12 4 




The effect prodnoed by the omrent going through the 12 
tams of wire will be 



and the efieot prodnoed by the oarrent going through the 3 
tarns will be 
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Therefore since the cnrrents both affect the needle in the 
same direction, the joint effect will be 

12 , 12 24 ^ 3 

c-^+c— = c — = 4*8 . 



We can. therefore obtain degrees of sensitiveness in the 
proportions 

3:4-8: 9: 12; 
or 

1:1-6:3:4. 

The resistances of the wires are practically nil. 

In testing the strength of a current in miUiwebers, the 
standard cell is connected to A and B, and both plugs being 
removed from the plug-holes a, h, the key K is depressed. 
There is then in circuit a total resistance of 1070 ohms, viz. 
750 + 320. As the electromotive force of the standard cell is 
1*07 volts, the resulting deflection of the galvanometer-needle 
(which is about 30°) will be due to a current of 

1*07 

^r-— = '001 weber, or 1 milliweber, 

1070 

and any other deflection obtained with any particular current, 
compared by direct proportion with the standard deflection (the 
two deflections being of course reduced to tangents), will give the 
strength of that current in milliwebers. As the currents to be 
measured are usually in excess of 1 milliweber, the readings are 
taken with the right-hand plug (tV*^ shunt) inserted, which is 
allowed for in the calculation. 

When the standard deflection is noted, the standard cell is 
removed and the circuit from which the received current is to 
be measured is connected to terminal A, terminal B being put 
to earth. 

The 750 ohms resistance is not plugged out, for the following 

reason : — if the line tested has a fault of high resistance close to 

the testing station, then, since the shunted coil has only a 

320 
resistance of yft = ^2 ohms, practically all the received current 

will pass through it, ani \t ^ovM then appear as if the fault 
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did not exist ; by including the 750 ohms in the circnit a dimi- 
nution in the current must always be caused by the fault. 

To save time and trouble, the currents corresponding to the 
deflections from the received currents are obtained from a table 
calculated for the purpose. In this table the first vertical 
column represents uxe deflection obtained from the standard 
cell, and the top horizontal column the deflections obtained with 
the received currents, the figures at the point of intersection 
of a vertical with a horizontal column give the current corre- 
sponding to those deflections. 



To DETERMIKB THE INSULATION BeSISTANCE OF A LiNE WHEN THE 
STRENGTHS OF THE TRANSMITTED AND BeCEIVED CURRENTS 

ARE KNOWN. 

The further end of the line being to earth, and I being the 
length of the line, we have &om equation [2] page 283, by 
putting X = Ij 

Current entering = Ci = - I Ae** — Be""* I ; 

and &om the same equation by putting a; = 0, 

Current leaving s= C, = - I A — B I ; 

therefore 

Ct Ae^-Be-*^ 

but from equation [4], page 284, we have 

--4-1 

^^ILL. or A(..^-l)»B(<r!?+l); 
B irm ^- \r / \r'/ 

r 
therefore 

0, ^ ('"+')-'-■' (''7 -}) 

Gt~ 2 
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by inflerting the values of «^, e"-" ancl ^ , given by equations 
[10] and [12], pages 287 and 288, we get 



9i 

0. 







(Vb, + Vb.)(^^+i)-(Vb.-Vb.)(^^-i) 

2VEi - E. 

Ve;+ |. 

V E, - K. 

The yalue of E^ although it could be determined from this 
equation, would be represented by a somewhat complex fraction; 
if, however, we have <r = 0, we then get 

In which equation, Cj and Cg (being in the form of a pro- 
portion) may be measured in webers] or milliwebers, or indeed 
in any multiple or submultiple of a weber. 

For example. 

The resistance of a line when to earth at the Airther end 
was 1500 ohms (E«). The strengths of the transmitted and 
received currents were 2*8 and 2*6 milliwebers respectively. 
What was the total insulation resistance of the line ? 

Ri = 1500 ^ q/ ^ ^» = 10908 ohms. 
* 2'8* — 2*6^ 

The measurement of the received current must be made by 
means of a very low Te«.\staace galvanometer in order to avoid 
the introduction oi t\i^ q}\avi\A!c^ <i \xi\a ^Coj^i i^TsasiW. 
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Having obtained B^, the insulation resistance per mile oonld 
be obtained in the manner shown at the beginning of the 
chapter ; a simpler method of doing this is the following : — 

If E be the electromotiye force of the battery transmitting 
the current, then we have 



E ^3 E« 



C. = -^,orC,«= ^,, 



by substituting this value in equation [B] we get 

Again, for equation [A] page 342, we have 

t = B< — , or B< = -.^ » 

where i is the true insulation resistance per mile of the line, 
and r its true conductivity resistance per mile ; therefore 

*!1 - E' . _ E» 

b7 " B. (Ci« - Ca*) v^^ * " r (Ci* - c^y 

in which Ci and Cg are in webers, E'in volts, and i and r in 
ohms. If Ci and C2 are measured in miUiwebers, then we 
have . 

. _ (E X 1000)' ^ E'x 1,000,000 

* ■" r (C|« - CO r (C.« - C/) ^ 

For example. 

The strengths of the transmitted and received currents on a 
line were 12 and 10 milliwebers respectively, the transmitting 
battery being a 10-cell Daniell (10 volts approximately) ; the 
line had an average estimated conductivity resistance of 14 
ohms per mile. What was the insulation per mile of the line ? 

. 10« + 1,000,000 ,^^^^^ , 
• = 14(12^-10«) = ^^^'^^^ ''^'^' 
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Table JIL* — EssiSTAyoB of a Knot-found of Goffeb Wise of yariotts 

Conductivities, at 75° Fahb. 



Percentage 
of Con- 
ductivity. 


Elesiatance. 


Percentage 

of Con- 
ductivity. 


Renstance. 


Percentage 

of Con- 
ductivity. 


Resistance. 


Percentage 

of Con- 
ductivity. 


Resistance. 


100-0 


1196-7 


97-5 


1227 


•4 


95-0 


1259-7 


92 


•5 


1298-4 


99-9 


1197-9 


97-4 


1228 


-6 


94^9 


1261 


92 


•4 


1294-8 


99-8 


1199 1 


-97-3 


1229 


-9 


94-8 


1262-4 


92 


•3 


1296-1 


99-7 


1200-3 


97-2 


1231 


-2 


94-7 


1263-7 


92 


•2 


1297-4 


99-6 


1201-5 


97-1 


1232 


•5 


94-6 


1264 


92 


1 


1298-8 


99-5 


1202-7 


97-0 


1233 


•7 


94-5 


1266-4 


92 


•0 


1300-1 


99-4 


1203-9 


96-9 


1235 


•0 


94-4 


1267-7 


91 


•9 


1301-6 


99-3 


1205 1 


96-8 


1236 


-2* 


94-3 


1269-1 


91 


•8 


1303 1 


99-2 


1206-4 


96-7 


1237 


•5 


94-2 


1270-4 


91 


■7 


1304-6 


99- 1 


1207-6 


96-6 


1238 


•8 


94- 1 


1271-8 


91 


•6 


1306-1 


99*0 


1208-8 


96-5 


1240 


•1 


94-0 


1273-1 


91 


5 


1307-6 


98*9 


1210-0 


96-4 


1241 


•4 


93-9 


1274-5 


91 


•4 


1309-1 


98-8 


1211-2 


96-3 


1242 


•7 


93-8 


1275-8 


91" 


3 


1310-6 


98-7 


1212-5 


96-2 


1244 


•0 


93-7 


1277-2 


91 


2 


1312-1 


98-6 


1213-7 


96-1 


1245 


3 


93-6 


1278-6 


91" 


1 


1314-6 


98*5 


1214-9 


96-0 


1246 


•6 


93-5 


1280-0 


91- 





1315-1 


98-4 


1216-2 


95-9 


1247 


•9 


93-4 


1281-3 


90' 


9 


1316-5 


98-3 


1217-3 


95-8 


1249- 


2 


93-3 


1282-7 


90- 


8 


1318-0 


98-2 


1218-6 


95-7 


1250- 


5 


93-2 


1284-0 


90- 


7 


1319-4 


98-1 


1219-9 


95-6 


1251- 


8 


93-1 


1285-4 


90' 


6 


1320-9 


98-0 


1221-1 


95-5 


1253- 


1 


930 


1286-8 


90' 


5 


1322-4 


97-9 


1222-4 


95-4 


1254- 


4 


92-9 


1288-1 


90- 


4 


1323-8 


97*8 


1223-6 


95-3 


1255- 


7 


92-8 


1289-4 


90- 


3 


1325-3 


97-7 


1224-9 


95-2 


1257- 





92-7 


1290-8 


90' 


2 


1326-8 


97-6 


1226-1 


95-1 


1258-4 


92-6 


1292-1 


90- 


1 


1328-2 



* See p. 266. 
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Table IV.* — Ooeppioients for correcting the Observed Eesistancb of Pubb 
Copper Wire at any Temferatube to 75° Fahr. 



Tempera- 




Tempera- 




Tempera- 




Tempera- 




ture In ^ 
Degrees ^ 


lefficieDt 


ture in 
Degrees 


Coefficient. 


ture in 
Degrees. 


Coefficient 


ture in 
Degrees 


Coefficient. 


Fabr. 




Fahr. 




Fahr. 




Fahr. 




100 


'9484 


83 


•9832 


66 


1-0193 


49 


10567 


99 


5 


•9494 


82 


5 




•9842 


65 


5 




■0204 


48 


5 




0578 


99 




9504 


82 






9853 


65 






0214 


48 






0589 


98" 


5 


'9514 


81" 


5 




'9863 


64' 


5 




0225 


47' 


5 




0601 


98 




'9524 


81 






'9874 


64 






0236 


47 






0612 


97- 


5 


'9534 


80 


5 




9884 


63 


5 




0247 


46' 


5 




0623 


97 




'9544 


80 






'9895 


63 






0258 


46 






0634 


96- 


5 


9554 


79- 


5 




'9905 


62- 


5 




0269 


45' 


5 




0646 


96 




'9564 


79 






■9916 


62 






0280 


45 






0657 


95- 


5 


'9575 


78" 


5 




'9926 


61- 


5 




0290 


44' 


5 




0668 


95 




'9585 


78 




, 


'9937 


61 






0301 


44 






0679 


94- 


5 


'9595 


77 


5 




9947 


60' 


5 




0312 


43' 


5 




0690 


94 




'9605 


77 






•9958 


60 






0323 


43 






0702 


93' 


5 


'9615 


76' 


5 




9968 


59' 


5 




0334 


42' 


5 




0714 


93 




'9626 


76 






9979 


59 






0345 


42 






0725 


92 


5 


'9636 


75 


5 




9980 


58' 


5 




0356 


41' 


5 




0736 


92 




'9646 


75 






•0000 


58 






0367 


41 






0748 


91 


•5 


9656 


74' 


5 




0011 


57' 


5 




0378 


40' 


5 




0759 


91 




9666 


74 






0021 


57 






0389 


40 






0771 


90- 


5 


'9677 


73 


5 




0032 


56' 


5 




0400 


39' 


5 




0782 


90 




9687 


73 






0042 


56 






0411 


39 






0793 


89" 


5 


9697 


72 


5 




0053 


55' 


5 




0422 


38 


5 




0804 


89 




'9708 


72 






0064 


55 






•0433 


38 






0816 


88- 


5 


9718 


71 


5 




0074 


54 


5 




•0444 


37 


5 




0828 


88 




'9728 


71 






0085 


54 






0455 


37 






0839 


87- 


•5 


'9738 


70 


5 




•0096 


53 


5 




•0466 


36 


5 




0851 


87 




'9749 


70 






0106 


53 






0478 


36 






0862 


86 


•6 


'9759 


69 


•5 




•0117 


52 


'5 




0489 


35 


•5 




0873 


86 




•9769 


69 






•0128 


52 






•0500 


35 






0885 


85 


•5 


'9780 


68 


5 




•0139 


51 


•5 




•0511 


34 


•5 




•0896 


85 




•9790 


68 




1 


0149 


51 






•0522 


34 






•0908 


84 


5 


•9801 


67 


5 




•0160 


50 


•5 




•0533 


33 


•5 




•0920 


84 




'9811 


67 






•0171 


50 






•0544 


33 






•0932 


83-5 


•9821 


66-5 


1-0182 


49-5 

t 


10556 


32-5 


1-0943 



♦ See pp. 271 and 275. 
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Table Y.* — Logabtthm Goefbtoients for conectmg the Obsebted 
Besistakoe of ^^SniVEBTOWN" Gutta-febcha at any Tempebatube to 
75° Fahb. 



Temp. L 


ogarithm. 


Temp. 


Logarithm. 


T«mp. I 


logarithm. 


Temp. I 


logarithm. 


100 I- 


1744650 


82-5 


I- 7523395 


65 0" 


3302140 


47^5 


'9080885 


99-5 • 


1909757 


82 


•7688502 


64^5 ' 


3467247 


47 


•9245992 


99 


2074864 


81-5 


•7853609 


64 


3632354 


46-5 ' 


9411099 


98-5 • 


2239971 


81 


•8018716 


63-5 ' 


3797461 


46 


•9576206 


98 


2405078 


80-5 


•8183823 


63 


'3962568 


45-5 ■ 


9741313 


97-5 • 


2570185 


80 


•8348930 


62^5 ' 


'4127675 


45 


9906420 


97 


2735292 


79-5 


•8514037 


62 


'4292782 


44-5 1 


•0071527 


96-5 ' 


2900399 


79 


•8679144 


61-5 


•4457889 


44 


•0236634 


96 


3065506 


78-5 


•8844251 


61 


'4622996 


43^5 ' 


0401741 


95-5 


3230613 


78 


•9009358 


60-5 


•4788103 


43 


0566848 


95 


'3395720 


77-5 


•9174465 


60 


•4953210 


425 • 


0731955 


94-5 


•3560827 


77 


•9339572 


59^5 


•5118317 


42 


0897062 


94 


'3725934 


76-5 


•9504679 


59 


•5283424 


41-5 • 


1062169 


93-5 


•3891041 


76 


•9669786 


58-5 


•5448531 


41 


•1227276 


93 


•4056148 


75-5 


•9834893 


58 


-5613638 


40-5 ' 


1392383 


92-5 


•4221255 


75 


0-0000000 


57^5 


•5778745 


40 


1557490 


92 


•4386362 


74-5 


•0165107 


57 


-5943852 


39-5 • 


1722597 


91-5 


•4551469 


74 


•0330214 


56^5 


-6108959 


39 


1887704 


91 


•4716576 


73-5 


•0495321 


56 


• 6274066 


38-5 • 


2052811 


90-5 


•4881683 


73 


•0660428 


55-5 


-6439173 


38 


2217918 


90 


•5046790 


72-5 


•0825535 


55 


-6604280 


37-5 • 


2383025 


89-5 


•5211897 


72 


•0990642 


54^5 


-6769387 


37 


2548132 


89 


•5377004 


71-5 


•1155749 


54 


•6934494 


36^5 ' 


2713239 


88-5 


•5542111 


71 


• 1320856 


53-5 


•7099601 


36 


2878346 


88 


•5707218 


70-5 


•1485963 


53 


•7264708 


35-5 • 


3043453 


87-5 


•5872325 


70 


•1651070 


52^5 


•7429815 


35 


3208560 


87 


•6037432 


69*5 


• 1816177 


52 


•7594922 


34-5 • 


3373667 


86-5 


•6202539 


69 


•1981284 


61-5 


•7760029 


34 


'3538774 


86 


•6367646 


68-5 


•2146391 


51 


•7925136 


335 


■3703881 


85-5 


•6532753 


68 


•2311498 


50-5 


•8090243 


33 


-3868938 


85 


•6697860 


67-5 


•2476605 


50 


•8255350 


32-5 


-4034095 


84-5 


•6862967 


67 


•2641712 


49-5 


•8420457 


32 


-4109202 


84 


•7028074 


66-5 


•2806819 


49 


•8585564 






83-5 


•7193181 


66 


•2971926 


48^5 


•8750671 






83 


•7358288 


65-5 


•3137033 


48 


•8915778 







# See p. 275. 
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Table VI.* — Logabtthm Coeipfioibnts for correcting the Obsebyed 
Besibtanoe of *' WniLOuoHBT Smith's " Gutta-peboha at any Tem- 

PEBATUBE to 75^ FaHB. 



Temp. 


Logarithm. 


Temp. 


Logarithm. 


Temp. L 


ogarithm. 


Temp. L 


ogarithm. 


100 


1-2992893 


82-5 


1^7897772 


65 0- 


3362596 


47^5 0- 


9246514 


99-5 


•3133241 


82 


•8037984 


64-5 • 


3530159 


47 


9414617 


99 


•3273589 


81^5 


•8178021 


64 


3697723 


46-5 • 


9582628 


98-5 


•3413094 


81 


•8318058 


63-5 • 


386G180 


46 


9750640 


98 


•3552599 


80-5 


•8458321 


63 


4034637 


45-5 • 


9918959 


97*5 


•3692683 


80 


•8598585 


62-5 • 


4202899 


45 1- 


0087279 


97 


•3832767 


79-5 


•8738785 


62 


4371161 


44^5 • 


0255335 


96-5 


•3973640 


79 


•8878985 


61-5 • 


4539102 


44 


0423392 


96 


•4114513 


78^5 


•9019128 


61 


4707044 


43^5 • 


0591617 


95-5 


•4259710 


78 


•9159272 


60-5 • 


4875196 


43 


0759842 


95 


•4394906 


77-5 


•9299283 


60 


5043349 


42^5 • 


0927813 


94-5 


•4534753 


77 


•9439395 


59-5 ' 


5211399 


42 


1095785 


94 


•4674601 


76-5 


•9579554 


59 


5379450 


41^5 • 


1263903 


93-5 


•4814522 


76 


•9719713 


58^5 • 


5292687 


41 


•1432022 


93 


•4955443 


75^5 


•9859856 


58 


5715924 


40^5 < 


•1600083 


92-5 


•5095153 


75 


0^0000000 


57-5 • 


5883948 


40 


1768145 


92 


•5234863 


74^6 


•0167119 


57 


6051973 


39^5 ' 


1936334 


91-5 


•5375291 


74 


•0334238 


56-5 • 


6220428 


39 


2104523 


91 


•5515720 


73^5 


•0502473 


56 


-6388884 


38-5 


•2272657 


90-5 


•5655635 


73 


•0670709 


55-5 " 


"6556773 


38 


•2440791 


90 


•5795550 


72^5 


•0838930 


55 


•6724673 


37^5 


•2608900 


89-5 


•5935586 


72 


•1007151 


54-5 


'6892937 


37 


•2777009 


89 


•6075622 


715 


•1126055 


54 


•7061201 


365 


•2945154 


88-5 


•6215732 


71 


• 1344959 


53-5 


•7229253 


36 


•3113300 


88 


•6355843 


70-5 


•1513498 


53 


•7397305 


35-5 


•3281361 


87-5 


•6495950 


70 


• 1682027 


52-5 


•7565390 


35 


•3449422 


87 


•6636067 


69^5 


•1849364 


52 


•7733475 


34-5 


•3617609 


86-5 


•6776534 


69 


•2016702 


51^5 


•7901705 


34 


'3785796 


86 


•6917002 


68^5 


•2184731 


51 


•8069935 


33^5 


•3953858 


85-5 


•7057228 


68 


•2352759 


50^5 


•8238007 


33 


•4121917 


85 


•7197455 


67^5 


•2521608 


50 


•8406079 


32^5 


•4289991 


84-5 


•7337340 


67 


•2690457 


49^5 


•8573998 


32 


•4458065 


84 


•7477225 


66^5 


•2857965 


49 


•8741918 






83-5 


•7617392 


66 


•3025474 


48^5 


•8910164 






83 


•7757560 


65^5 


•3194037 


48 


•9078411 







♦ See p. 275. 
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Table VIE.* — Of the Multipltino Power of Shunts eufloted with a 
Galyanometeb of 6000 Ohms Besistanoe. 







Com- 
bined 
Resist- 
ance of 
Galva- 
nometer 
and 
Shunt. 






Ciombined 








Resist- 


Logarithm 

of 

Multiplying 

Power. 


Resist- 


Logarithm 

of 

Multiplying 

Power. 


Resist- 
ance of 


Resist- 


Logarithm 

of 
Multiply, 
ing Power. 


Combined 
Resistance 


ance of 
Shnnt 


ance of 
Shunt 


Galva- 
nometer 
and 


ance of 
Shunt. 


of Galva- 
nometer 
and Shunt. 










Shunt. 








ohms. 




ohms. 


ohms. 




ohms. 


ohms. 




ohms. 


1 


3-7782236 


1-0 


70 




■9380892 


69 


2 


850 


•9062704 


744' 


•5 


2 


3-4772660 


2-0 


75 




•9084850 


74 


•1 


900 


•8846085 


782 


•6 


3 


3-3012471 


3-0 


80 




•8808136 


79 


■0 


950 


•8642618 


818 


3 


4 


3-1763807 


4-0 


85 




-8548402 


83 


•8 


1000 


•8450980 


857' 


2 


5 


3-0795430 


5-0 


90 




■8303769 


88 


•7 


1100 


•8098626 


929" 


6 


6 


3-0004341 


6-0 


95 




•8072508 


93' 


5 


1200 


•7781513 


1000' 





7 


2-9335581 


7-0 


100 




•7853298 


98 


•4 


1300 


-7493807 


1068- 


5 


8 


2-8756399 


8-0 


110 




•7446450 


108 


•0 


1400 


-7231107 


1135- 


•7 


9 


2-8245619 


9-0 


120 




•7075702 


117' 


•7 


1500 


-6989700 


1200- 





10 


2-7788745 


10-0 


130 




6735185 


127' 


2 


1600 


-6766936 


1263' 


2 


11 


2-7375504 


11-0 


140 




-6420488 


136' 


8 


1700 


•6560407 


1324' 


7 


12 


2-6998377 


120 


150 




•6127839 


146 


3 


1800 


•6368188 


1384' 


6 


13 


2-6651493 


130 


160 




5854607 


155' 


•9 


1900 


-6188636 


1443' 


1 


14 


2-6320441 


14-0 


170 




5598348 


165 


3 


2000 


-6020600 


1500' 





15 


2-6031444 


15-4 


180 




5357118 


174 


•8 


2200 


-5713943 


1609 


•7 


16 


2-5751878 


16-0 


190 




•5129244 


184" 


2 


2400 


•5440680 


1714 


3 


17 


2-5489296 


17-0 


200 




4913617 


193' 


•6 


2600 


•5195201 


1814 


•0 


18 


2-5241753 


17-9 


220 




•4513719 


212 


2 


2800 


-4973306 


1909 


1 


19 


2-5007578 


18-9 


240 




4149733 


230 


•8 


3000 


-4771213 


2000 


•0 


20 


2-4785665 


19-9 


260 




3816024 


249 


2 


3300 


•4499718 


2129 


•0 


22 


2-4373224 


21-9 


280 




3508099 


267 


•5 


3600 


-4259742 


2250 





24 


2-3996737 


23-9 


300 




3222193 


285- 


7 


4000 


•3979400 


2400 


■0 


26 


2-3650572 


25-9 


330 




2828939 


312 


8 


4300 


•3793780 


2504 


•8 


28 


2-3330239 


27-9 


360 




2461628 


340 


■4 


4600 


-3625579 


2603 


•7 


30 


2-3031961 


29-9 


400 




2041200 


875' 


•0 


5000 


•3424227 


2727 


3 


33 


2-2620237 


32-8 


430 




1747574 


401 


2 


5500 


-3182929 


2883' 


1 


36 


2-2244554 


35'8 


460 




•1461280 


428 


•6 


6000 


-3010300 


3000 





40 


2-1789769 


39-7 


500 




1139434 


461 


5 


6500 


•2840019 


3120 





43 


2-1477999 


42-7 


550 




0722867 


508 





7000 


-2688353 


3230 


•8 


46 


2-1187276 


45-6 


600 




0413927 


545 


5 


7500 


-2552725 


3333 


•3 


50 


2-0827854 


49-8 


650 




0131744 


682- 


1 


8000 


•2430380 


3428 


6 


55 


2-0378646 


54-5 


700 


• 


9809755 


617" 


6 


8500 


•2319536 


3517' 


2 


60 


2-0043214 


59-5 


750 




9542425 


666' 


7 


9000 


•2218574 


3600 


•0 


65 


1-9699189 


64-3 


800 




9294189 


705' 


9 


9500 


•2126137 


3677- 


4 














10000 


-2041200 


3750 



♦ See p. 234. 
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Table VIII.*— Of the Multiplyino Power of Shunts employed with a 
Galyanometeb of 10,000 Ohms Besistanoe. 







Com- 






(}omb{ned 






« 


Ill 


Logarithm 

of 

Multiplying 

Power. 


Dined 
Resist- 
ance of 
Galva- 
nometer 

and 
Sbnnt. 


Besist. 

ance 

of 

Shunt 


Logarithm 

of 

Multiplying 

Power. 


Besist- 
anoe of 
Galva- 
nometer 

and 
Shunt. 


Besist- 
anoe 
of 
Shunt. 


Logarithm 

of 

Multiplying 

Power. 


Ciombined 
Besistanoe 
of Galva- 
nometer 
and Shunt. 


ohms 




ohms. 


ohms. 




ohms. 


ohms. 




ohms. 


1 


3-0000434 


1-0 


70 


2 


-1579315 


69-5 


850 ] 


L- 1056104 


784-1 


2 


3-6990569 


2-0 


75 


2 


-1281838 


74-4 


900 ] 


1-0831840 


825-7 


3 


3-5230090 


3-0 


80 


2 


•1003705 


79-4 


950 ] 


1-0636691 


863-6 


4 


3-3981137 


40 


85 


2 


•0742570 


84-3 


1000 1 


L- 0453230 


900-9 


5 


3-3012471 


5-0 


90 


2 


•0496487 


89-2 


1100 ] 


L- 0078253 


982-1 


6 


3-2221092 


6-0 


95 


2 


•0264827 


94-1 


1200 


-9738972 


1061-7 


7 


3-1552059 


7-0 


100 


2 


•0043214 


99-0 


1300 


-9429615 


1140-4 


8 


3-0972573 


8-0 


110 




•9633585 


108-8 


1400 


-9107769 


1228-1 


9 


3-0461482 


9-0 


120 




•9259993 


118-6 


1500 


-8846065 


1304-4 


10 


3-0004341 


10-0 


130 




•8916660 


128-3 


1600 


•8603380 


1379-3 


11 


2-9590848 


11-0 


140 




•8599100 


138 1 


1700 


-8377370 


1453-0 


12 


2-9213396 


12-0 


150 




•8303747 


147-8 


1800 


-8166095 


1525-4 


13 


2-8866208 


13-0 


160 




•8027737 


157-5 


1900 


•7967934 


1596-8 


14 


2-8544796 


14-0 


170 




•7768721 


167-2 


2000 


-7781512 


1666-7 


15 


2-8245597 


15-0 


180 




•7524753 


176-8 


2200 


-7439371 


1803-3 


16 


2-7965743 


16-0 


190 




"7294206 


186-5 


2400 


•7132105 


1935-5 


17 


2-7702888 


17-0 


200 




'7075702 


196-1 


2600 


•6853972 


2063-5 


18 


2-7455085 


18-0 


220 




6670282 


215-3 


2800 


-6600520 


2187-5 


19 


2-7220708 


19-0 


240 




•6300888 


234-4 


3000 


•6368221 


2307-7 


20 


2-6998377 


20-0 


260 




5961741 


253-4 


8300 


•6053377 


2481-2 


22 


2-6585137 


22-0 


280 




•5648351 


272-4 


3600 


•5772364 


2647-1 


24 


2-6208299 


23-9 


300 




5357159 


291-3 


4000 


•5440680 


2857-1 


26 


2-5861544 


25-9 


330 




4955864 


319-5 


4300 


•5218675 


3007 


28 


2-5540563 


27-9 


360 




4590573 


347-5 


4600 


•5015951 


3150-7 


30 


2-5241796 


29-9 


400 




4149733 


384-6 


5000 


•4771213 


8333-3 


33 


2-4829169 


32-9 


430 




3848158 


412-2 


5500 


-4499690 


3548-4 


36 


2-4452582 


35-9 


460 




3567739 


439-8 


6000 


•4259687 


87500 


40 


2-3996737 


39-8 


500 




3222193 


476-2 


6500 


-4045705 


3939-4 


43 


2-3683950 


42-8 


550 




2828898 


521-3 


7000 


-3853509 


4117-6 


46 


2-3392354 


45-8 


600 




2471546 


556-0 


7500 


-3679767 


4285-7 


50 


2-3031961 


49-8 


650 




2144362 


610-8 


8000 


•3521825 


4444-4 


55 


2-2620194 


54-7 


700 




1842858 


654-2 


8500 


•3377528 


4594-6 


60 


2-2244467 


59-6 


750 




1563472 


697 '7 


9000 


•8245111 


4736-8 


65 


2-1899004 


64-6 


800 




1303338 


740-7 


9500 


•3123110 


4871-8 












10000 


•3010300 


5000-0 



♦ See p. 234. 
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AoouMULATioN joint test, 259 

Angle of maximum sendtiyeness in galvanometers, 21 

Aio, multiple, 42 

Astatic galvanometer, 15 

Balance, Wheatstone's ^see Bridge) 
Batteries, 175 

Clark's standard, 245 

De La Bue*s standard, 246 

Leclanch^, 183 

Minotto, 182 

comparison of electromotive force of 1 and 100 cells, 196 

electromotive force of (see Electromotive force) 

condenser method of measuring resistance of, 193, 195 



deflection 
electrometer „ 
half deflection 
Kempe's 
Mance's 
Munro's 
Siemens' 
Thomson's 
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>» 



n 



» 



» 



>♦ 



f9 



»> 



n 



>» 



>» 



9% 



» 



»» 



9) 
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>» 



»» 



♦> 
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4 

226 

5,71 

193 

81 

195 

76 

72 



Bridge, Wheatstone's (see Wheatstone bridge) 

Gables, compound, tests during laying of, 253 

f conductor resistance of, 152 

, corrections for e£fects of temperature on, 270 

, electrostatic capacity of, 197 

, faults in, localisation of (see Faults) 

, insulation of, test for, 231 

, manufacture of, speciflcation for, 314 

, tests during, 318, 333 

Calibration or graduation of galvanometer scales, 48 

Capacity, electrostatic (see Electrostatic capacity) 

Charge, loss of (see Potential, loss of) 

Chloride of silver battery, 246 

Clark's accumulation joint test, 259 

correction for condenser discharge, 188 
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dark's electromotive force, method of measuring, 108 

faU of potential fault test, 244 

standard oeU, 245 

Coefficient for effect of temperature on copper resistance, 272 
Coils, resistance, 10 

, Post Office pattern, 13 

, slide, 13 

. , Varley's, 132 



-, for cable testing, 11 



for core of cable, tests of, 318 



Combined resistance of parallel wires, 42 
Compensating resistances for galvanometer shunts, 41 
Compound cables, tests during laying of, 853 
Condensers, 175, 177 

• , battery resistance by means of, 193 

, connections for discharge from, 192 

, corrections „ „ 188 



-, electromotive force by means of^ 187 
-, joint capacities of, 178 



Conductivity resistances, elimination of earth currents in measuring, 148, 151 

of cables, 152 

by Wheatstone bridge, 144 



-, correction for effect of temperature on, 270, 277 

- of three wires, 145 

- of two wires by loop test, 174 

- joint, of several wires, 42 
-, specific, 265 



Correction for loop test, 170 

Corrections for temperature, 270 

Constant for measuring high resistances, 230 

insulation resistances, 230 



morning tests, 6 



Cubic equation, example of practical use of, 806 

Current, unit of, 1 

Currents, earth, elimination of, in testing, 164 

, by Wheatstone bridge, 148, 151 



-, received, testing by, 344 



Daily or morning tests of land lines, 8 

— table for calculating, 8 

Dead-beat galvanometer, Thomson's, 34 
De La Bue*s standard battery, 246 
Discharge, test of joint by, 261 

key, Kempe's, 179 

, Rymet Jones', 1%1 

, connecUouatoime^auxvTi^^V^'i 



INDEX. 367 

Disconnection, total, localisation of, in cables, 292 
, partial „ „ 292 

Eabth readings, table of, 8 

, resistance of, to measure, 146 

current, to eliminate, in testing, 164 

, by Wheatstone bridge, 148, 151 



faults, a method of localising, 800 



Electrification, 232 

, influence of temperature on, 232 

Electrometer, Thomson's quadrant, 213 

, grades of sensitiyeness of, 224 

, tests of joints by, 262 

, fall of charge in cable by, 226 

Electromotive force, unit of, 1 

, measurement o^ 85 

— , by Clark's method, 108 

equal resistance method, 85 

___ deflection method, 86 

Law's method, 187 

Lumsden's method, 92, 96 

. Poggendorffs „ 102 

Wheatstone's „ 88 

Wiedemann's „ 87 



Electrostatic capacity, measurement of, 197 

by divided charge method, 209 

— — — Siemens' diminished charge method, 

211 

Electrostatic capacity, measurement of, by Siemens' loss of charge deflection 
method, 204 

Electrostatic capacity, measurement of, by Siemens' loss of charge discharge 

method, 199 

Electrostatic capacity, measurement of, by Thomson's method, 206 

— — — — , specific, 269 

Fahib's method of testing for faults in cables, 158 
Faults, localisation of, 154 

, by fall of potential method, 244 

Kempe's loss of current method, 161 

Lumsden's method, 156 

Fahie's „ 158 

• Siemens' equal potential method, 248 

equilibrium „ 250 



-, of high resistance, 281 

-, in coils of insulated wire, Warren's method, 290 

-, by combined resistance and diaoUQX%<& tis^\.^%^^ 



868 INDEX. 

*■■ 

Faults caused by disoonnection, localisation o^ 292 
Fignre of merit of galyanometors, 37 

Galyahombters, astatic, 15 

, sine, 15 

, tangent, 16 ■ 
^ bMl flonditions for nsing, 23. "^ 



^ Thomson's, M 

ri 9 lesistaiioe of, 235 

, Silyertown form of, 29 

, dead-beat, 34 



■ ■ , marine, 36 

-, angle of maximiim seuMvenetB in, 21 
-, calibration or gradnatioa of scale of, 48 
-, fignre of merit of, 37 
-, sbnnts for, 34 
-, measurement of resistance of, 51 

, deflection method, 8 

, equal deflection method, 66 

^,half „ „ 5,51 

, Thomson's „ 65 

-, PhiUips' „ 181 



-, resistance for high sensitiveness, 310 
-, for measuring currents, 347 



Gauge for electrometer, 217 

Half-ohabge, fall to, 241 

Halving, deflection, resistance of battery by, 5, 71 

High resistances, measurement of, 5, 228 

, by fall of charge, 239 

' , localisation of faults of, 281 

, by Warren's method, 290 



Induction plate of electrometer, 218 
Inductive capacity (see Electrostatic capacity) 

, specific, 269 

Inferred zero, 226 

Individual resistance of three wires, 145 

Insulation, correction for e£fect of temperature on, 274, 279 

, measurement oi, 6, 7, 146 

, , of cables, 231 

, by tangent galvanometer, 8 



-, joint, of several wires, 147 

- of two sections of wire, 147 

- per mile of teVegtaph. \v\i<&«^ 842 

• resiBtaiice by transmiX.^/^^ vaAi^^Vt^ csoxt^so^a^^iA^ 
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Insulation, specific, 266 

, standard of, for land lines, 6 *•■' 

, Tables for calculating, 8 

Insulated wires, detection of faults in, by Warren's method, 2d0 

Jenkin*s method of measuring high resistances, 226 

Joint conductivity resistance of parallel wired", 42 

insulation „ „ „ ^ 147 

Joints, testing of, by accumulation, 259 ' • 

discharge, 261 

electrometer method, 262 

Warren's ^ 290 



-, at sea, 262 



Jones, Bymer, discharge key, 181 

Kempe, a. B^ on the leakage of submarine cables, 281 
Kempe's battery resistance test, 193 

discbarge key, 179 

loss of current &ult test, 161 

Keys, discharge, Kempe's, 179 
, Bymer Jones, 181 



-, short circuit, 175 
-, reversing, 176 



KirchofiTs laws, 92 

Land lines, measurement of insulation of, 6 

, standard of insulation for, 6 

Law's test for electromotive force, 187 
Laying of cables, tests during, 253, 254, 256 
Loop test, Murray's method, 165 

, Varley's „ 168 

, correction for, 170 

, Phillips' method, 173 



-, individual resistance of two wires by, 174 



Loss of current fault test, Kempe's, 161 

Lumsden's method of measuring electromotive forces, 91, 96 

system of testing for faults in cables, 156 

Mange's resistance of battery test, 81 
Manufacture of cables, tests during, 318, 331 

^ specification for, 314 

Marine galvanometer, Thomson's, 36 
Matthiessen's standard of copper resistance, 266 
Merit, figure of, of galvanometers, 37 
Metre bridge, 134 
Minotto battery, 182 
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Mile, iniulation per, of lines, 342 

MilUweber, 844 

Morning, or daily tests of land lines, 8 

Multiplying power of shunts, 41 

Multiple arc, 42 

Munro's battery resistance test, 195 

Murray's loop test, 165 

Ohm, definition of, 1 

Ohm's law, 1 

One cell, 188 

, coBsfant taken with, 229 

Parallbl wires, joint resistance of, 42 

Partial disconnection in cable, localisation of, 292 

Phillips, S. A., method of measuring the individual resistance of two wires by 

loop test, 174 
galvanometer iMitance, 181 



making loop test, 173 



Poggendor£r8 method of measuring electromotive forces, 102 
Postal Telegraph Department, galvanometer used by, 347 
Potential, fall of, formulsa for, 241 

, measurement of, 184 

resistances by, 236 

loss of, 239 



-, equal, Siemens' test for fault by, 248 

-, Siemens* test for fault by equilibrium of, 250 



Preece's fall of potential formula, 242 

Purity of copper, e£fect of, on temperature corrections, 272 

Quadrant electrometer, Thomson's, 218 

Kecetved currents, testing by, 344 
Keplenisher of electrometer, 216 
Resistance, unit of, 1 

, measurement of, by deflection, 3 

half deflection, 5 

substitution, 2 

fell of potential, 236 

«. loss „ 239 



(see also Wheatstone bridge) 
coils, 10 

, Post Office pattern, 13 

, slide, 13 

for cable testing, 11 
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Besistances, high, measurement of, 5, 228 

, insulation, „ 231 

Resultant fault, 171 
Reversing key, 176 

switch, 176 

Roberts, Martin, method of using metre bridge, 136 
Rymer Jones, discharge key, 181 

Scale, galvanometer, graduation of, 49 
Sections, two, of wires, insulation of, 147 
Sensitiveness, angle of maximum, in galvanometers, 21 
Short-circuit key, 175 
Shunts, 39 

, galvanometer, 34 

, compensating resistance for, 47 

, multiplying power of, 41 

, table of, 234 

Siemens, battery resistance measurement, 76 

, localisation of faults by potentials, 248, 250 

, electrostatic capacity by loss of charge measurement, 199, 204, 211 

Sine galvanometer, 15 
Single wire cable, test during laying, 254 
Slide resistance coils, 13 
bridge, Varley's, 132 



wire bridge, 134 



Specific measurements, 265 

conductivity, 265 

inductive or electrostatic capacity, 269 

insulation, 266 

Specification of manufsicture of cables, 314 
Standard cell, 345 

, Clark's, 245 

, De La Rue's, 246 



of copper resistance, 266 

of insulation for land lines, 6 



Substitution method of measuring reaistaiDoes, 2 
Switches, 176 
Switch, reversing, 176 

Table for calculating insulation resistances, S 
Tangent galvanometer, 16 

, best conditions for using, 23 

• , insulation resistance by, 8 

Taylor, Herbert, galvanometer shunt tables, 234 
Temperature corrections for conductor resistance, 270, 277 
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• Temperatore oorreotioDs for insulation lesistanoe, 274, 279 
-^— , effect on electrification, 232 



-4. 



of cable determined by conductor resistance, 276 

Thomson's electrostatic capacity test, 206 

galvanometer (^see Gktlvanometer) 

method of measuring battery resistance, 72 

galvanometer resistance, 65 



quadrant electrometer, 213 



Three wires, individual roeistance of, 145 

Two „ „ „ by loop test, 174 

Umrs, electrics^ 1 

Yablet's loop test, 168 

slide resistance bridge, 132 

Volt, definition of, 1 

Wabben's test for small faults in insulated wires, 290 
Weber, definition of, 1 
Wheatstone bridge, 115 

, conductivity resistance by, 144 

, measurement by, when exact equilibrium cannot be 

obtained, 131 

, method of connecting up, 118 

, slide wire or metre, 134 

, theory of, 115 

-, Yarley's slide resistance, 132 



Wheatstone's method of measuring electromotive forces, 88 
Wires, individual resistance of three, 145 

two, by loop test, 174 

, joint s^sistance of, 42 



-, specific conductivity of, 265 



Willoughby Smith's system of testing cables during laying, 25G 
Zero, inferred, 226 
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